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Abstract
We present the design and the experimental results of a novel wideband quasioptical
Gyrotron Traveling Wave Tube (gyro-TWT) ampliﬁer and the ﬁrst Vacuum Electron
Device (VED) with a Photonic Band Gap (PBG) structure. The theory and exper-
imental results from two other quasioptical gyrotron oscillator experiments are also
presented.
The gyro-TWT ampliﬁer at 140 GHz produced up to 30 kW of peak power in
operation with 3 µs pulses at 6 Hz, 2.30 GHz unsaturated bandwidth, a peak linear
gain of 29 dB and an eﬃciency of 12 %. This is the highest frequency gyro-TWT
reported as yet. The use of a very high order operating mode in a novel mode
selective interaction structure namely, a quasioptical open confocal waveguide makes
the gyro-TWT potentially capable of up to 100 kW CW operation at 140 GHz and
at 94 GHz in the W-band (75-110 GHz) if built to industrial standards.
The theory and experimental results from the ﬁrst VED with a PBG resonator, in
the form of a high power high frequency gyrotron oscillator at 25 kW power level at
140 GHz in a high order mode, TE041 are also presented. The absence of any spurious
mode excitation over 30 % variation in the magnetic ﬁeld corresponding to an equal
variation in the cyclotron frequency indicates that the PBG resonator was highly
mode selective while operating in a higher order mode. This opens up promising
avenues for building highly oversized resonators for generating Terahertz radiation
with low voltage electron beams. The successful operation of this high frequency
gyrotron suggests that overmoded PBG resonators can also be used in conventional
slow-wave devices to build moderate power (few hundreds of Watts) VEDs in the
millimeter and sub-millimeter wave regime for a variety of applications.
A gyrotron oscillator experiment with an overmoded open confocal resonator was
also run at a peak power of up to 83 kW at 136 GHz with an eﬃciency of 16 %. The
gyrotron oscillator experiment had excellent mode stability which makes an oversized
quasioptical open confocal resonator a candidate for use in high frequency millimeter
and sub-millimeter wave gyrotrons. A second harmonic confocal gyrotron experiment
was also tried at 280 GHz but the poor quality electron beam prevented the gener-
ation of the second harmonic, however, the stronger fundamental mode interaction
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was suppressed thus validating the advantages of using confocal resonators in high
harmonic gyrotrons to suppress the stronger fundamental interaction.
The experiments on three millimeter wave VEDs with two novel kinds of highly
oversized interaction structures described in this work have demonstrated a novel
technique for building high power (> 1 kW) high frequency (> 100 GHz) VEDs.
Thesis Supervisor: Richard J. Temkin
Title: Senior Scientist, Department of Physics
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Chapter 1
Introduction
1.1 The Empire of Tubes
Microwaves are the lifeline of this era of communications. Their use is ubiquitous,
from ground based communications to the control of deep space probes far above
in the heavens. The microwave regime of the electromagnetic spectrum is the most
widely used since the discovery of radio communication in the early twentieth century.
The Second World War was a major catalyst for the rapid development of microwave
sources for radar applications [1]. In the early 1930’s various researchers saw the
feasibility of generating higher frequencies using resonant cavities connected to elec-
trical circuits. The ﬁrst such device, namely, the klystron was invented by the Varian
brothers in 1937 [2]. This was followed by the rapid development of other devices
such as the magnetron and the Traveling Wave Tube (TWT) [3],[4], the Backward
Wave Oscillator (BWO) during World War II and later the cross-ﬁeld ampliﬁer in the
1960’s. Traveling wave tubes continue to be the mainstay for satellite communication
for both military and civilian applications. Recently, millimeter waves have made
inroads into the traditional microwave domains such as communications and radar
in the Ka-band (26.5–40 GHz) and the W-band (75-110 GHz). The success of Elec-
tron Cyclotron Resonance Heating (ECRH) in stabilization of thermonuclear fusion
experiments has fueled the interest in high power gyrotrons, which to date remain
the only high average power, high eﬃciency sources above 100 GHz [5]–[7].
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The development of solid-state technology beginning in the 1970’s saw the strong
emergence of solid-state sources in the generation of microwaves. However, till date
Vacuum Electron Devices (VED), also called microwave tubes have the unique ca-
pability to generate very high power in the microwave and millimeter wave regime –
several orders of magnitude higher than solid-state sources [8]. The full promise of
wide bandgap semiconductor transistors is yet to materialize for high average power
applications. There is an inexorably growing gap between the requirements of mod-
ern high power communication and radar systems and the state-of-the-art in solid-
state devices. Numerous examples can be cited of how VEDs eventually came to
the rescue where solid-state power ampliﬁers could not meet the ﬁnal speciﬁcations
in some military systems or how VEDs such as the inductive output tube and the
constant eﬃciency ampliﬁer are preferred over their solid-state counterparts in televi-
sion broadcasting [9]. The state-of-the-art AlGaN/GaN Heterostructure Field Eﬀect
Transistors (HFET) has demonstrated 4-5 Watts of power over 3–20 GHz [10], where
as Microwave Power Modules (MPM), which use a solid state driver with a TWT
power ampliﬁer, also called a Vacuum Power Booster (VPB) can routinely produce
hundreds of Watts of power at these frequencies and beyond [8]! A state-of-the-art
Northrop Grumann MPM with 100 W CW power, 123 cm3 in size and weighing only
363 gm achieves a power density of 0.81 W/cm3 at 45 % eﬃciency [8].
The electron ﬂow in VEDs is collisionless in contrast to the charge carrier ﬂow in
semiconductors which renders higher eﬃciency to the VED. Furthermore, VEDs can
operate at much higher temperature than their solid-state counterparts and hence
are better suited for dissipating waste heat that, unavoidably, goes along with the
production of high power. A comparison of the capability of solid-state devices versus
VEDs is shown in Fig. 1-1 on page 31.
Microwave tubes such as the klystron are the only option for driving linear col-
lider experiments such as the Next Linear Collider (NLC). The 75XP klystron [11]
developed at SLAC for use in the NLC can produce 75 MW of peak power at 11 GHz
with 50% eﬃciency. Gyrotron ampliﬁers are in serious contention to serve as drivers
for higher frequency linear colliders [12] especially if the collider RF frequency goes
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in to the millimeter wave band [13], [14].
The requirements for a modern ECRH system, such as for the DIII-D tokamak at
General Atomics, San Diego, is about 10-15 MW of CW power for tens of seconds at
110 GHz. Gyrotron oscillators (up to 1.5 MW per unit) are currently the only viable
option for such a system and can operate at an electronic eﬃciency of about 35% [15].
The use of a depressed collector can further enhance the total eﬃciency to above 50 %
[16]. The requirements of 10 kW of average power at 94 GHz for the W-band radar is
possible only in the realm of VEDs – the option being, quasioptical power combining
of solid-state sources, which is beset by problems of phase synchronization and low
eﬃciency.
A compact 250 GHz gyrotron oscillator at MIT produces 100 W of CW power
for applications in Electron Paramagnetic Resonance (EPR) experiments in Nuclear
Magnetic Resonance (NMR) spectroscopy studies [17]. Gyrotrons capable of operat-
ing at frequencies up to 889 GHz have been built at Fukui University [18] in Japan
for a variety of applications.
The recent experimental demonstration of the W-band gyroklystron [19], [20] has
yielded a staggering 10 kW average power and 92 kW of peak power with a 420 MHz
instantaneous bandwidth at 93 GHz. Traveling wave tubes also have a presence in
the W-band around the 94 GHz window frequencies. The Millitron series [21] of tubes
from Communication Power Industries (CPI) can produce up to 100 W of CW or 1
kW of peak power in the 80–100 GHz range. Recently, Thomson Tubes Electroniques
reported a 94 GHz slow-wave TWT with an instantaneous bandwidth of 500 MHz,
output power of 200 W and a maximum duty cycle of 10 % [22]. Extended Interaction
Klystrons (EIK) from CPI can produce in excess of 1 kW of peak power at 94 GHz
with a mechanically tunable bandwidth from 91-96 GHz [23].
In spite of the rich history, new VED concepts are still emerging with amazing
regularity. The MPM or the VPB has already been mentioned earlier in this section.
It has all the advantages of low weight, compactness, high gain and robustness which
make it very attractive for airborne applications. Recently, interest has reemerged
in an old concept, namely the Multiple Beam Klystron (MBK) [24]. MBKs have
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several advantages over conventional klystrons in terms of higher power capability
and wider bandwidth [25]–[28]. The use of multiple beams mitigates the space charge
eﬀects and thus allows larger amount of current relative to the cavity gap capacitance.
Recent investigation of MBKs show that they can emerge as a low voltage compact
klystron with signiﬁcantly enhanced instantaneous bandwidth compared to that of
the klystron [8]. The electron beam current increases with the number of beams,
however, the capacitance of the fringing ﬁelds which limit the bandwidth scale only
as the radius of each electron beam thus improving the bandwidth. Since each beam
has its own drift tube the space charge eﬀects are better neutralized than in a single
beam device operating at the same current.
Sandwiched between the microwave and the optical spectrum, millimeter waves
enjoy distinct advantages. The beneﬁts of operating at higher frequencies is well
understood for communication and radar applications. Optical frequencies seem to
be a better choice than either microwaves or millimeter waves on this count but the
detrimental eﬀects of weather on free space optical communication has limited its role
in long range wireless communication applications. Millimeter waves ﬁnd extensive
application in a wide range of communication and other applications. For example, a
source in the range of 180-1000 GHz can be used as a local oscillator for astronomical
telescopes, heating of conﬁned plasmas in fusion experiments require high powers (tens
of MW’s) in frequencies ranging from 84-170 GHz [5] and a modern W-band radar
requires 5 kW of average power in the 92-100 GHz band. Interesting applications for
millimeter waves are also emerging in material processing [29] and Dynamic Nuclear
Polarization (DNP) in Nuclear Magnetic Resonance (NMR) spectroscopy [30].
1.2 Physics of Microwave Sources
All VED’s are based on the principle of converting the free kinetic energy of an
electron beam to electromagnetic wave energy. A charged particle that encounters
acceleration radiates electromagnetic energy. The following manifestations of this
principle lead to diﬀerent kinds of VED’s.
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• An electron moving in a circular path in a magnetic ﬁeld experiences an acceler-
ating or a braking force thus generating radiation by a process called magnetic
bremsstrahlung. This is the basic principle behind cyclotron and synchrotron
radiation. Gyrotrons fall under this category.
• Electrons traveling in a medium with a velocity greater than that of the propa-
gating electromagnetic wave in the same medium radiate energy in the form of
a shock wave. Such a scenario is realized in practice in a slow-wave-structure
in TWTs and BWOs. This form of radiation is popularly known as Cherenkov
radiation.
• The stimulated emission of photons by free electrons in a wiggler is the principle
of a free electron laser (FEL). In contrast to traditional lasers where the ﬁxed
energy levels imply a ﬁxed wavelength of radiation, in a FEL the radiation
wavelength depends on the free energy of the electrons which results in a tunable
source.
• Transition radiation is generated when electrons experience a change in the
refractive index of the medium in their path. This is an eﬀective way for gen-
erating Terahertz radiation by mega-electron-volt beams.
In every coherent radiation source a diﬀerent scheme is used to bunch the radiating
electrons to produce coherent radiation. The diﬀerent mechanisms of bunching call
for diﬀerent shapes of the interaction structures, accelerating voltages and magnetic
ﬁeld conﬁgurations.
The beam-wave interaction in a microwave circuit such as a cavity or a waveguide
can be designed to generate unstable solutions to the coupled beam-wave dispersion
relation. This is similar to the electron beam-plasma interaction which has been
well studied in the area of plasma physics [31]. The instability can be either an
absolute instability or a convective instability or both [32]. The absolute instability
can be usefully exploited to form an oscillator while, the convective instability can be
harnessed for ampliﬁcation.
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1.3 Cyclotron Resonance Masers
Microwave vacuum electron devices based on Cherenkov radiation, such as the TWT
have dominated other kinds of devices ever since World War II. The unique combi-
nation of gain and bandwidth in a TWT has earned it an enviable place in the era
of satellite communication. Cherenkov devices employ a slow-wave-structure (SWS)
to slow down the phase velocity of the electromagnetic wave to bring it into syn-
chronism with a subluminous electron beam to allow beam-wave interaction. The
SWS takes the form of either the most popular helix or various other forms such as
a coupled-cavity structure, a dielectric-loaded waveguide etc. For optimum interac-
tion, the transverse dimensions of the SWS need to be a fraction of the wavelength
of the radiation. This leads to rapid miniaturization of the transverse dimensions
with increasing frequency, which not only poses great diﬃculty in the fabrication of
the fragile SWS but also a severe limitation on the thermal capability of the device.
This ultimately limits the power that can be generated in such a device. On the
other hand, conventional lasers and Free Electron Lasers (FEL), which dominate the
far infrared and the optical regimes suﬀer from low eﬃciencies and bulkiness in the
millimeter wave regime [33]–[35].
Instead of using a periodic slow-wave circuit for interaction with a pencil elec-
tron beam (as in a conventional TWT) one may use a periodic beam propagating
in a smooth walled interaction structure supporting a fast waveguide mode. The
possibility of generation of radiation by interaction between gyrating electrons and a
fast wave was independently suggested in [36], [37] and [38]. This scheme is based
on the Electron Cyclotron Resonance Maser (ECRM) instability, which involves the
interaction between a mildly relativistic to a relativistic gyrating electron beam with
a transverse waveguide or resonator mode. One of the earliest Cyclotron Resonance
Maser (CRM) experiments was reported by Hirshﬁeld [39]. In CRMs coherent radia-
tion is produced by the phase bunching of the mildly relativistic electrons gyrating in
their Larmor orbits around the guiding center. CRMs can be built as either coherent
oscillators or ampliﬁers [40]. There are fundamental diﬀerences between conventional
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slow-wave devices such as the klystron, TWT etc. and CRMs. It is worthwhile at
this juncture to highlight some of the basic diﬀerences in the interaction physics of
the conventional slow-wave and the CRM fast-wave devices.
In CRMs the transverse energy of the electrons contained in the gyrations is
converted to RF radiation, while the axial energy is left undisturbed. However, the
axial energy is very important for the interaction as it facilitates the Doppler shifted
cyclotron resonance of the electron cyclotron wave with a waveguide mode. The
physics of the interaction is discussed in detail in Chapter 2. In contrast, slow-
wave devices rely on the extraction of the axial energy of the electron beam for the
generation or ampliﬁcation of the RF wave.
The radiation frequency in CRMs is at either the cyclotron frequency or at one or
many of its harmonics. Thus the radiation frequency is not entirely controlled by the
size and shape of the waveguide or the resonator, henceforth referred to as the inter-
action structure. This can be contrasted to the slow-wave devices where the radiation
frequency is almost entirely dependent on the shape and size of the resonator. Thus
slow-wave devices are more susceptible to parasitic oscillations than CRMs, which
can employ a higher order mode of the interaction structure thus increasing its trans-
verse size. Any increase in the size of the interaction structure is always an advantage
for operation at high peak and average powers. This allows gyrotron oscillators to
employ a very large resonator operating in a higher order mode, such as the TE22,6
to generate 1 MW of CW power at 110 GHz!
Furthermore, slow wave devices rely on axial bunching of the electron beam which
is born from the velocity modulation of the electrons as they pass through a very
narrow gap in a resonator such as in a klystron. The gap needs to be much smaller
than the operating wavelength to increase the depth of modulation [41] which becomes
quite a problem at higher frequencies. Firstly, the small gap increases the electric ﬁeld
in high power devices and causes breakdown which, severely limits the peak power
of the device. This is an important issue in high power klystrons such as the 75XP
at SLAC [11]. At millimeter wave frequencies the rapidly decreasing wavelength
miniaturizes the gap which dramatically complicates the fabrication of the resonator.
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Since CRMs rely on the interaction of the electron over a Larmor orbit with a rotating
electric ﬁeld (such as a TEmn mode) the interaction takes place over a large number of
orbits and hence there is no need for a localized interaction as necessary in klystrons.
Thus the gyroklystrons use resonators which are a few wavelengths long compared to
a klystron which relies on the use of narrow gap reentrant resonators.
The gyromonotron more popularly known as the gyrotron employs an annular
gyrating electron beam exciting oscillations in a large overmoded cavity. This device
is presently the workhorse for heating fusion plasmas in magnetic conﬁnement fusion
experiments [5]. A review of high power gyrotrons is presented in [15] and [42]– [44].
Results from high power high frequency gyrotron research have improved steadily over
the past two decades. Some notable high power gyrotron experiments are reported in
[47]–[56] and high frequency high harmonic gyrotrons have also been well investigated
[18], [57],[58]. Of the many conﬁgurations of gyrotrons, the Gyrotron Traveling Wave
Tube (gyro-TWT), the gyroklystron and the gyrotwystron can be used as ampliﬁers
[40]. The gyro-TWT harnesses the convective instability between a mildly relativistic
gyrating electron beam and a co-propagating fast wave in a waveguide. The Cyclotron
Auto-Resonance Maser (CARM) employs a highly relativistic beam in a conﬁguration
similar to that of a gyro-TWT, but operates far away from the waveguide cut-oﬀ
resulting in a large Doppler upshift.
1.4 Gyrotron Ampliﬁers
While gyrotron oscillators have become the mainstay for ECRH of fusion plasmas, gy-
rotron ampliﬁers are only recently emerging as viable ampliﬁers in the millimeter wave
band. The presence of low attenuation bands in the millimeter and sub-millimeter
parts of the electromagnetic spectrum are very useful for long distance communica-
tion. The availability of sources and ampliﬁers in these windows will be useful for
space communication and high resolution radar. One such window centered around
94 GHz is presently being pursued for millimeter wave radar applications [59].
Instead of a single large resonator to support oscillations excited by an electron
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beam as in gyrotrons, a diﬀerent manifestation of the CRM can amplify an input
signal by using either two or more resonators separated by a drift tube (gyroklystron)
or an input resonator followed by an output traveling wave section (gyrotwystron) or
only a traveling wave section (gyro-TWT) or combinations thereof. All these devices
are cousins of the counterpart slow wave devices such as the klystron, the twystron
and the TWT.
Following the success of the development of W-band gyro-klystron in Russia [60],
extensive research and development of the W-band (70-110 GHz) gyroklystron has
proven to be a tremendous success in the United States [19]. The recent gyroklystron
experiments at the Naval Research Laboratory (NRL) and Communication and Power
Industries (CPI) have demonstrated for the ﬁrst time average powers above 10 kW
in the W-band [20]. A series of experiments have demonstrated 67 kW peak power,
460 MHz 3dB bandwidth at 28 % eﬃciency [19], 60 kW peak power, 640 MHz 3dB
bandwidth at 25 % eﬃciency [61], 10 kW average power (92 kW peak at 11 % RF
duty cycle), 420 MHz 3 dB bandwidth at 33.5 % eﬃciency or 115 kW peak power
at 600 MHz bandwidth [20], 72 kW peak power, 410 MHz 3 dB bandwidth with
50 dB saturated gain and 27 % eﬃciency [62]. Recent experimental investigation of
W-band gyrotwystrons has yielded 50 kW peak power at 93.9 GHz with 925 MHz 3
dB bandwidth at 17.5 % eﬃciency [64].
The gyro-TWT has the potential to generate high powers over a wide frequency
band in the millimeter and sub-millimeter wave part of the spectrum. The inherent
promise of wide bandwidth in a gyro-TWT comes from the use of a nonresonant
interaction structure such as a smooth wall waveguide. This makes the gyro-TWT
more attractive than the gyroklystron which uses resonant input and output cavities
which are synonymous with small bandwidth unless the cavities are stagger tuned
or clustered [65]. However, gyro-TWTs are signiﬁcantly more diﬃcult to build and
operate due to the competition from the absolute instability of various modes and
Backward Propagating Wave Oscillations (BPWO) arising from the long interaction
structure and sensitivity to velocity spread in the electron beam.
Gyro-TWTs have received signiﬁcant attention since the late 1970’s. There has
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been steady progress in the development of both theory and experiments in the past
three decades [66]–[85]. Some of the noteworthy experiments include the demonstra-
tion of a 14 % bandwidth at 35 GHz [66], 20 % bandwidth with 25 dB gain from 32-39
GHz [74], 70 dB gain at 35 GHz [78], 1 MW peak power at 10 GHz [79], 137 kW peak
power, 47 dB gain with 1.11 GHz bandwidth (3.3 %) at an eﬃciency of 17 % [83]
and 180 kW peak power, 25-30 dB gain, 10 % bandwidth at an eﬃciency of 27 % in
the second harmonic operation [85]. Most of these experiments have either used the
fundamental mode in a circular waveguide or at most the TE01 mode to alleviate the
problems of mode competition. The helical waveguide gyro-TWT experiment [79],
however, uses a hybrid mode excited by the skew boundary conditions presented by
the helical corrugation on the waveguide walls. These methods cannot be employed
to generate high powers at the W-band due to the following problems. Choice of
the fundamental waveguide mode leads to miniaturization of the circuit leading to
the familiar problems of thermal limitation as observed in conventional slow-wave
devices. The size and precision of the helical corrugations on the waveguide wall are
likely to dramatically complicate the fabrication at 94 GHz operating frequency and
above. Choice of an overmoded structure may allow larger transverse dimensions but
brings forth a new problem – increased mode competition.
Another interesting alternative is a relativistic gyro-TWT ampliﬁer. The ﬁrst
multimegawatt relativistic gyro-TWT ampliﬁer experiment at MIT [86] produced 4
MW with 8 % eﬃciency at 17.1 GHz. Excellent phase stability of±10 % was measured
over a 9 ns period in the TE31 mode of operation. The experiment however, used a
Pierce wiggler beam formation system resulting in a poor beam quality, especially a
very high energy spread.
A smooth walled interaction structure preferentially favoring the harmonics than
the fundamental modes, with an additional parameter for suppressing the competing
modes seems to be the likely candidate for generating higher powers. A quasioptical
open waveguide formed by two confocal mirrors precisely satisﬁes these requirements
and presents itself as a potential candidate for an interaction structure of a gyro-
TWT in the millimeter and sub-millimeter wave band. The diﬀraction from the
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open ends of such a waveguide can be used to preferentially attenuate the competing
modes in favor of the operating mode. Wave propagation and conﬁnement in open
mirror systems has been well studied in the past [87]. Experiments based on such a
confocal cavity based gyrotron oscillator were performed at MIT [88]. These initial
experiments generated 66 kW of peak power at 136 GHz in the HE06 mode of the
confocal waveguide.
The success with such a quasioptical interaction structure motivates one to inves-
tigate an ampliﬁer conﬁguration in the 94 GHz band. Such an ampliﬁer operating
in a higher order waveguide mode will have larger transverse dimensions of the in-
teraction structure compared to the operating wavelength. Besides, one may use
the diﬀraction from the open lateral ends of the waveguide to suppress the parasitic
modes. In a confocal waveguide, the higher order modes suﬀer less diﬀraction than
the fundamental mode – a property which may be successfully exploited in a high
harmonic gyro-TWT.
In this work we report the design and experimental results the ﬁrst quasioptical
gyro-TWT capable of operating at W-band (94 GHz) and beyond. The gyro-TWT
will use a quasioptical open confocal waveguide as the interaction structure. Opera-
tion in a higher order mode which resembles the TE03 mode of a cylindrical waveguide
should allow up to 100 kW CW operation at 94 GHz. Mode competition will be
suppressed in this highly overmoded interaction structure by diﬀraction of the most
dangerous lower order parasitic modes from the open sidewalls. In a conventional de-
sign using a cylindrical waveguide the strong presence of the parasitic modes presents
signiﬁcant threat from Backward Propagating Wave Oscillations (BPWO) and gy-
rotron oscillations. The choice of larger transverse dimensions and a smooth walled
waveguide without any dielectric loading will also simplify fabrication. The use of
a higher order Gaussian like mode in the experiment should signiﬁcantly simplify
the design of the internal mode converter and allow an easy formation of a Gaussian
beam at the window for an eﬃcient coupling to the HE11 mode of a corrugated waveg-
uide for an ultra low loss transmission to the antenna of a radar or a communication
system.
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Various important gyro-TWT experiments of the past and some ongoing experi-
ments have been summarized in Table 1.1 on page 32. We propose to setup the ﬁrst
quasioptical gyro-TWT experiment at MIT at 140 GHz. The choice of the frequency
was based on the availability of a driver and an electron gun at 140 GHz rather than
the preference of 94 GHz for radar applications. The present design can easily be
scaled down to 94 GHz without any degradation in performance.
A second harmonic gyrotron oscillator will also be conducted to test the feasibility
of the confocal waveguide interaction structure for use in a high harmonic gyro-
TWT. The primary advantage of a high harmonic gyro-TWT is the reduction in
the necessary magnetic ﬁeld by the cyclotron harmonic number. Higher harmonic
gyro-TWTs are more stable than fundamental gyro-TWTs and allow the operation
at higher beam currents and hence are capable of producing higher output power
provided the fundamental mode interaction with gyro-BPWO and gyrotron modes is
eﬀectively suppressed. The confocal waveguide by its unique ability to impart higher
diﬀraction losses to the lower order modes should be a suitable candidate for high
harmonic operation.
Another novel concept that can revolutionize the way gyro-TWTs are built will
be investigated in the form of a gyrotron oscillator experiment. We plan to use an in-
teraction structure made of a Photonic Band Gap (PBG) structure to suppress mode
competition in a highly overmoded waveguide. This presents a unique opportunity
to take advantage of overmoded operation while avoiding mode competition with-
out signiﬁcantly perturbing the operating mode. In a confocal waveguide the open
side walls of the waveguide deviate the symmetry of the operating mode from the
cylindrical electron beam thus reducing the eﬃciency. However, a PBG waveguide
can support a mode almost identical to a TE0n mode which would improve coupling
to the electron beam. We propose to demonstrate a gyrotron oscillator experiment
in a higher order operating mode as a proof-of-principle experiment to validate the
claimed advantages of a PBG interaction structure for all classes of microwave tubes
including slow-wave devices.
The successful demonstration of a confocal guide as a suitable interaction struc-
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ture at sub-millimeter wavelengths for gyro-TWTs will herald the next generation of
harmonic gyro-TWT operating at frequencies as high as 250–500 GHz. Such devices
may ﬁnd attractive application in DNP experiments at 460 GHz for which currently a
gyrotron oscillator is being built at MIT [89] or in high resolution radars and imaging
applications.
1.5 Thesis Outline
This thesis is organized broadly in two parts. The ﬁrst part which includes Chapters
1-3 contains the introduction and the theoretical part of the research. Chapters 4-8
present the design of the experiments, the experimental results and conclusions.
In Chapter 2, we present a summary of the theory of gyrotron ampliﬁers devel-
oped as part of this work and especially for application to gyrotrons with quasioptical
interaction structures such as the one used in this work. A review of the gyrotron
oscillator theory is also presented. Computer codes based on the above theories de-
veloped during the course of this work are also described. Chapter 3 contains a
discussion of mode selective interaction structures and their applications in VEDs. In
Secs. 3.1.1 and 3.1.2 the theory for wave propagation in Photonic Band Gap (PBG)
structures is reviewed. This theory was developed by Smirnova et al. [90] in which
this author developed the techniques of simulating PBG structures in the Ansoft High
Frequency Structure Simulator (HFSS) [91]. In Chapter 3 we also discuss the limi-
tations of conventional techniques for building millimeter wave devices and propose
the idea of using overmoded yet mode selective interaction structures, which permit
operation in a higher order mode without mode competition. Two speciﬁc kinds of
mode selective structures investigated during this work, namely, quasioptical open
confocal waveguides and PBG structures are described. The theory and techniques
for designing mode selective resonators and waveguides using these structures is also
presented.
Before we describe the various experiments the experimental techniques and di-
agnostics used in all the experiments are described in Chapter 4. The PBG resonator
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gyrotron experiment is presented in Chapter 5. The 140 GHz confocal gyrotron oscil-
lator and the 280 GHz second harmonic gyrotron oscillator experiment are discussed
in Chapter 6. The design of the 140 GHz confocal gyro-TWT and the experimen-
tal results are described in Chapter 7. A discussion and the conclusions from this
research are detailed in Chapter 8.
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Chapter 2
Theory of Gyrotrons
2.1 Introduction
An electron beam traversing through a dispersive medium is known to be susceptible
to numerous instabilities. The free energy in the electron beam emanating from
its drift velocity can be exchanged with a forward wave (traveling wave ampliﬁer),
backward wave (backward wave oscillator or backward wave ampliﬁer) or a stationary
electromagnetic wave (oscillator) in the system. The earliest expositions of such
beam-wave coupling were devoted to the interaction of the space charge waves on the
electron beam with a slow electromagnetic wave propagating in the medium [92],[93].
The term slow is used to denote the magnitude of the phase velocity of the wave in
the direction of the drifting electron beam as compared to the velocity of light in that
medium. The TWT which constitutes such a system has been studied extensively
[93].
Various kind of instabilities thrive in a beam-wave system. Almost all of them
can be explained in terms of the interaction between either the slow and fast space
charge waves, or the cyclotron waves on the electron beam and the electromagnetic
waves in the circuit. The terms slow and fast space charge waves refer to the space
charge waves that exist on the electron beam (a non-neutral plasma), with phase
velocities slower and faster than the beam velocity, respectively. The slow and fast
space charge waves are also classiﬁed as negative and positive energy waves. The
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energy extraction process is unique to each instability but generally for any coherent
radiation the electrons need to be bunched by the RF ﬁeld before energy extraction
by the deceleration of the bunch by the RF ﬁeld at the exit of the interaction struc-
ture. The Cherenkov interaction [93] in a TWT between the slow space charge wave
and the RF wave leads to energy extraction from the longitudinal component of the
electron velocity. Hence, such devices employ a pencil electron beam which has only
longitudinal kinetic energy and are known as slow-wave devices. The interaction be-
tween a beam of gyrating electrons, in the presence of a static axial magnetic ﬁeld and
a fast electromagnetic wave (phase velocity is superluminous) can lead to extraction
of the transverse kinetic energy of the electrons. This interaction referred to as the
Cyclotron Resonance Maser (CRM) instability was independently suggested in [36]–
[38]. These devices are also called fast-wave devices. The gyrating electrons can also
interact with a slow-wave and this mechanism is called the Weibel instability [94] and
is the operating principle of a Slow-Wave Cyclotron Ampliﬁer (SWCA). The linear
and nonlinear theories of the CRM instability are well described in [95] and [96]. The
CRM mechanism phase bunches electrons in their Larmor orbits due a change in their
relativistic mass as they gain or lose energy from the transverse electric ﬁeld in the
waveguide, on the other hand the Weibel instability results from the axial bunching
of the electrons perpendicular to the cyclotron orbit by the RF magnetic ﬁeld [97].
The CRM mechanism dominates in the fast wave regime while the Weibel mecha-
nism is dominant in the slow wave regime [98]. Another kind of cyclotron interaction
called the peniotron interaction was ﬁrst described in [99] at about the same time
as the discovery of the CRM mechanism. The peniotron interaction diﬀers signiﬁ-
cantly from that of the CRM and Weibel interactions because phase bunching does
not constitute the energy extraction mechanism in the peniotron interaction. This
interaction is characterized by a drift of the electron guiding centers in directions
which cause each electron to lose energy to the transverse electric ﬁeld. This guiding
center drift and energy loss can only occur when the ﬁeld contains a strong right
hand circularly polarized harmonic with angular mode number n that is related to
the beam cyclotron harmonic number s by n = s+1. The guiding center drift which
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results from the rotating RF electric ﬁeld is produced by the radial variation of the
ﬁeld. The peniotron has also been described in [100] and [101]. The CRM, Weibel
and the peniotron interactions do not have exclusive domains and hence they interact
with each other under certain conditions.
In the following section we describe the mechanism of the CRM interaction. Com-
prehensive linear and nonlinear theories for gyrotrons [40], [102]–[105] and gyrotron
ampliﬁers [106]–[133] are well developed. A review of the theory of gyrotron traveling
wave ampliﬁers and gyrotron oscillators is presented in this chapter to serve as a basis
for the design of the experiments, which will be described in later chapters. A detailed
derivation of the kinetic theory and single particle theory for gyrotron traveling wave
ampliﬁers is presented by the author elsewhere [134]. The nonlinear theory results
for gyrotron oscillators is summarized from [104].
After a phenomenological description of the CRM interaction in Section 2.2 we
present the linear dispersion relation for a gyro-TWT obtained using a kinetic theory
approach by solving the relativistic Vlasov equation in Section 2.3. A single particle
theory which is a nonlinear formulation of the CRM interaction in gyrotron ampliﬁers
is presented in Section 2.4. The nonlinear equations describing the interaction can be
linearized to obtain a cubic dispersion relation in the small signal limit, as described
in Section 2.4.1 or solved in full rigor as outlined in Section 2.4.2. In Section 2.5 we
summarize the nonlinear theory of gyrotron oscillators. Some results from computer
codes developed for the design and analysis of gyrotron ampliﬁers and oscillators
based on the above theories will be presented in Section 2.6.
2.2 Phenomenological Description of CRM Inter-
action
A typical setup for CRM interaction is a hollow annular gyrating electron beam
drifting through a waveguide immersed in a background axial static magnetic ﬁeld
as shown in Fig. 2-1. The beam is usually formed in a Magnetron Injection Gun
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rw
2rL
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Eθ
Eθ
Figure 2-1: Schematic of the cross-section of interaction region in a typical cylindrical
guide gyro-TWT operating in a TE0n mode.
(MIG) [135] by launching a hollow annular electron beam at an angle to the static
axial magnetic ﬁeld to induce gyrations in the trajectory of each electron. Ideally,
the thickness of the beam is equal to twice the Larmor radius deﬁned in Eqn. (2.3).
The direction of the ﬁeld lines of a TE0n mode is also shown in Fig. 2-1. The electron
beam is characterized by a longitudinal velocity, vz, a transverse velocity, vt and the
relativistic mass factor
γ =
1√
1−
(
v2t +v
2
z
c2
) , (2.1)
where c is the velocity of light in vacuum. The CRM instability is a relativistic
instability based on the relativistic cyclotron frequency of the electrons
Ωrel =
eB0
γme0
, (2.2)
where B0 is the axial DC magnetic ﬁeld, e and me0 are the magnitude of the charge
and the rest mass of an electron, respectively. The average beam radius is rb, which is
also the guiding center radius of the beamlets and the Larmor radius of the gyration
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of the electrons is deﬁned as
rL =
vt
Ωrel
. (2.3)
For simplicity, we consider the electron beam drifting down a smooth walled cylin-
drical waveguide, which supports a transverse electric (TE) mode such as the TE01.
We consider the electrons in a particular beamlet (Fig. 2-1), rotating in a counter
clockwise direction with a uniform initial distribution over a Larmor orbit as shown
in Fig. 2-2(a). The electrons with a component of velocity in the direction of the
RF ﬁeld are decelerated while the electrons with a component of velocity opposite to
the RF ﬁeld gain energy. The cyclotron frequency of an electron is inversely propor-
tional to its relativistic mass γme0, thus the electrons gaining energy from the RF
ﬁeld gyrate slower while the ones that lose energy gyrate faster causing the electrons
to bunch in the Larmor orbit. Furthermore, the Larmor radii of the faster gyrating
electrons decreases while those of the slower gyrating electrons increases resulting
in a change in the shape of each beamlet as showing in Fig. 2-2. If the RF ﬁeld
oscillates at a frequency slightly higher than the electron’s cyclotron frequency Ωrel,
i.e. ω  Ωrel, then electrons ﬁrst begin to move in phase so as to produce a higher
density of electrons, popularly designated as an electron bunch on one side of the ring.
The bunch ﬁrst begins to form at the phase position of the electron ﬁeld and then
drifts behind in phase resulting in net energy extraction from the bunch. After the
energy extraction the electrons lose synchronism with the wave and eventually enter
the accelerating phase thus extracting energy from the RF wave typical of saturation
due to nonlinear eﬀects.
The phase bunching of the electrons in CRM interaction is shown in Fig. 2-2 by
plotting the Larmor radii of the electrons in the phase space as a function of time.
The ﬁgures were created by tracking the trajectories of electrons in a gyro-TWT using
the particle tracking code described later in this thesis. We use 128 representative
electrons in the beamlet which are initially uniformly distributed around a Larmor
orbit. The ﬁgures are normalized x − y plots showing the transverse position of
the electrons with respect to the direction of the local electric ﬁeld. The electron
37
E−0.2
−0.2
−0.4−0.4 0
0
0.2
0.2
0.4
0.4
(a) t = 0 ps, η = 0.0 %.
E
−0.2
−0.2
−0.4−0.4 0
0
0.2
0.2
0.4
0.4
(b) t = 100 ps, η = 0.52 %.
E
−0.2
−0.2
−0.4
−0.4
0
0
0.2
0.2
0.4
0.4
(c) t = 133 ps, η = 4.12 %.
E
−0.2
−0.2
−0.4
−0.4
0
0
0.2
0.2
0.4
0.4
(d) t = 167 ps, η = 12.50 %.
E
−0.2
−0.2
−0.4
−0.4
0
0
0.2
0.2
0.4
0.4
(e) t = 173 ps, η = 12.10 %.
E
−0.2
−0.2
−0.4
−0.4
0
0
0.2
0.2
0.4
0.4
(f) t = 183 ps, η = 9.60 %.
Figure 2-2: Phase distribution of electrons (shown as •) in the Larmor orbit. The
initial position of the electrons is shown as +.
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bunch follows the rotating RF electric ﬁeld. For ease of plotting, we always show the
orientation of the electron bunch with respect to the electric ﬁeld in a reference frame
located on the rotating electric ﬁeld. Another representation of phase bunching is
shown in Chapter 3 by tracking the trajectories of the electrons as they traverse the
length of the interaction structure.
The gyrotron interaction saturates due to two eﬀects namely, the energy deple-
tion from the electron beam and the phase trapping of the particles. These eﬀects
have been studied in detail in [96]. Saturation by energy depletion occurs when the
average transverse velocity is reduced below a critical threshold value necessary to
generate the instability in the small signal dispersion relation. The other mechanism
of saturation called phase trapping is caused by the trapping of particles that lose
suﬃcient energy in the electric ﬁeld. An alternative explanation to this mechanism is
the detuning of the interaction due to a change in the relativistic mass factor, γ as the
electron lose energy resulting in a deviation from the cyclotron resonance condition
Eqn. (2.5)which will be described later.
A gyrating electron beam which, may be either annular (small-orbit) or on-axis
(large-orbit), drifting through an interaction structure capable of supporting a fast
electromagnetic mode would constitute a CRM system. The ﬁrst CRM experiment
used a periodic electron beam produced by a Pierce gun and a wiggler [39]. Con-
temporary experiments in the erstwhile Soviet Union used hollow annular beams
produced by a MIG and a rectangular waveguide as the interaction structure. Most
of the later experiments for both the oscillator and ampliﬁer conﬁgurations have used
a cylindrical waveguide for enhancing the coupling to the electron beam by virtue of
the symmetry of the ﬁelds.
2.3 Kinetic Theory
The linear dispersion relation for the CRM system can be derived by either a kinetic
theory approach, by the way of solving the relativistic Vlasov’s equation to obtain the
perturbed electron distribution function, or by linearizing the single particle equations
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of motion in the small signal limit to obtain a dispersion relation. It is easier to
perform a kinetic treatment for a cylindrical guide conﬁguration in the absence of any
velocity spread in the beam, however, inclusion of velocity spread and consideration
of an arbitrary shape of the waveguide dramatically increase the complexity. On the
other hand, the derivation of the single particle equations of motion for an arbitrary
shape of the waveguide is easier.
The beam-wave interaction in a gyrotron can be most simply understood as the
coupling between the electromagnetic waveguide mode and the beam cyclotron har-
monic modes. The combined dispersion relation, which is derived in this section can
ultimately be presented as the product of the waveguide mode dispersion and the
beam cyclotron mode dispersion relations coupled by the source term namely, the
normalized electron beam current. The dispersion relation for TE waveguide modes
in a cylindrical waveguide is
k2 − k2t − k2z = 0, (2.4)
where k is the free space propagation constant, kz is the axial propagation constant,
kt (= νmn/rw) is the transverse propagation constant of the TEmn mode under con-
sideration, νmn is nth root of J
′
m (x) and rw is the radius of the waveguide wall. The
resonance condition for the Doppler shifted beam cyclotron modes can be derived as
[136]
ω − kzvz − sΩ/γ  0, (2.5)
where, Ω (= eB0/me0)is the nonrelativistic cyclotron frequency. The beam mode
dispersion relation and the waveguide mode dispersion relations have been plotted
for diﬀerent kinds of CRM devices in Figs. 2-3–2-6. The interaction in all these
devices except the SWCA [137] is very similar, the diﬀerence being limited to the
magnitude of the Doppler shift term kzvz and the traveling or stationary nature of the
electromagnetic mode. In the SWCA (Fig. 2-6) electron bunching occurs due to the
Weibel mechanism [94] and is axial in contrast to the transverse bunching dominant in
a CRM. Also, the SWCA interaction involves the coupling between a slow waveguide
mode and a harmonic of the beam cyclotron mode. In a Cyclotron Auto-Resonance
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Maser (CARM) (Fig. 2-5) the beam cyclotron mode and the waveguide mode interact
very far away from the waveguide cut-oﬀ in contrast to a gyrotron oscillator or a
gyro-TWT. Thus the CARM requires a highly relativistic beam for resonance with
the waveguide mode in a region where the phase velocity of the waveguide mode
is almost equal to that of light. Since the interaction happens in a region of near
linear dispersion of the waveguide mode the synchronism between the beam and the
waveguide mode is maintained over wide range of frequencies making the interaction
very broadband. On the other hand the large value of the axial propagation constant,
kz makes the interaction very sensitive to velocity spread due to the kzvz term in Eqn.
(2.5). The CARM interaction has high eﬃciency because as the electrons lose energy
during the interaction (γ and vz decrease) the increase in sΩ/γ is compensated with
the decrease in kzvz which helps maintain synchronism, Eqn. (2.5), between the
beam and the waveguide mode over a longer interaction length. This phenomenon
is called auto-resonance. Auto-resonance is not observed in interactions closer to the
waveguide cut-oﬀ where kzvz is very small.
The dispersion plots shown in Fig. 2-3 applies to both CRM ampliﬁers (convective
instability) and oscillators (absolute instability and backward propagating wave os-
cillation). The nature of the instability depends on the operating parameters such as
the electron beam current, the magnetic ﬁeld and the shape of the interaction struc-
ture. As a general rule, increasing the operating current leads to a transition from the
convective instability to the absolute instability. The intersection of the beam mode
dispersion relation with the waveguide modes at a negative value of the axial propa-
gation constant can excite Backward Propagating Wave Oscillations (BPWO). These
oscillations arise due to a feedback loop between the electron beam and a backward
propagating circuit wave and is discussed in Sec. 2.6.
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ω = Ω/γ + kzvz
ω = 2Ω/γ + kzvz
ω = 3Ω/γ + kzvz
ω
kz
velocity of light line
harmonic resonancewaveguide modes
harmonics of
cyclotron mode
fundamental
resonance
BPWO
Figure 2-3: Dispersion diagram showing the region of interaction between the fast
waveguide modes and the beam cyclotron modes on the beam. The intersection of
the beam cyclotron modes with the waveguide modes at negative values of kz causes
the excitation of Backwad Propagating Wave Oscillations (BPWO).
ω
kz
gyrotron resonance
cavity modes
beam cyclotron mode
velocity of light line
Figure 2-4: Dispersion diagram showing the region of interaction between a resonant
cavity mode and a beam cyclotron mode in a gyrotron oscillator.
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ωkz
Gyro-TWT
CARM
beam cyclotron modes
velocity of light line
Figure 2-5: Dispersion diagram showing the interaction region between a fast waveg-
uide mode and a beam cyclotron mode in a gyro-TWT and a CARM. The gyro-TWT
interaction takes place near the waveguide cut-oﬀ while the CARM interaction takes
place far away from the waveguide cut-oﬀ.
ω
kz
loaded
waveguide
mode
beam cyclotron mode
velocity of light line
possible
wideband
interaction
Figure 2-6: Dispersion diagram showing the interaction region between a slow waveg-
uide mode and a beam cyclotron mode in a slow-wave cyclotron ampliﬁer (SWCA).
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2.3.1 Linear Dispersion Relation
System Conﬁguration
We consider a CRM constituted by a hollow, mildly relativistic electron beam stream-
ing through a cylindrical waveguide. A schematic of the system is shown in Fig. 2-1.
A strong and ﬁnite static axial magnetic ﬁeld serves the dual purpose of focussing
the beam as well as inducing gyrations of ﬁnite Larmor radii to the electrons as the
beam drifts in the tube. Such an electron beam is realized in practice by a MIG
[135]. MIGs are operated in the temperature limited regime of electron emission in
contrast to linear beam Pierce guns which operate in the space charge limited regime.
Operation in the temperature limited regime minimizes the eﬀect of DC space charge
on the beam.
Derivation of the Dispersion Relation
The linear dispersion relation of a CRM can be derived from the kinetic approach by
solving the relativistic Vlasov equation to obtain the perturbed electron distribution
function in the presence of the electromagnetic wave. In this analysis we assume a
tenuous electron beam which does not alter the transverse ﬁeld proﬁle of the waveg-
uide mode. For a weak beam-wave coupling one expects the real part of the axial
propagation constant of the beam-wave coupled system to be in the vicinity of the
axial propagation constant of the beam absent interaction structure. Also, this anal-
ysis ignores the eﬀect of space charge forces. A detailed derivation of the dispersion
relation is based on the approach outlined in [118], [115] and has been presented by
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the author in [134]. Following [115] the dispersion relation can be expressed as
D (ω, k) = k2 − k2z − k2t
[
1− (1 + i)
(
1 +
m2
ν2mn −m2
ω2
ω2c
)
δskin
rw
]
+
2 e2 µ0
me0πr2w Kmn
rb∫
0
rb drb
∞∫
pt=0
pt dpt
∞∫
pz=−∞
dpz σ0 hb (rb) g(pt, pz)
×

 (ω2 − k2zc2) p2tH−s,m
γ3m2e0c
2
(
ω − kzvz − sΩγ
)2 − (ω − kzvz)Q−s,m
γ
(
ω − kzvz − sΩγ
)


= 0. (2.6)
In the above equation δskin is the skin depth of the conducting waveguide wall,
ωc (= ktc) is the cut-oﬀ frequency of the lossless waveguide. µ0 is the permeability of
free space, pt and pz are transverse and axial momenta of the electrons, respectively,
σ0 is the number of electrons per unit volume, hb (rb) is the distribution of electrons
in the radial direction and g(pt, pz) represents the distribution of the electrons in the
momentum space. The other quantities are deﬁned as
Kmn =
(
1− m
2
ν2mn
)
J2m (νmn) , (2.7)
H−s,m = J2s−m (ktrb) J
′2
s (ktrL) , (2.8)
Q−s,m = 2J2s−m (ktrb)
{
J
′2
s (ktrL) + (ktrL) J
′
s (ktrL) J
′′
s (ktrL)
}
In the above equations kt (= νmn/rw) is the transverse propagation constant of the
TEmn mode under consideration, νmn is nth root of J
′
m (x), rw is the radius of the
waveguide wall, rb is the mean beam radius, rL is Larmor radius of the electrons and
s is the beam cyclotron harmonic number. Eqn. (2.6) applies to CRM devices such
as the gyrotron, the gyro-TWT and the CARM.
At this point the nature and form of the electron distribution function is yet to be
speciﬁed. A choice remains for analyzing the beam-wave interaction for a variety of
beams by merely choosing an appropriate form of the distribution function to obtain
a speciﬁc dispersion relation from Eqn. (2.6). In the present work for simplicity, an
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ideal beam with zero guiding center spread (inﬁnitesimally thin beam) and no axial
or transverse momentum spread (cold beam) is chosen. For a more exact treatment
one may, choose to represent the momentum spread of the beam in the form of a
Gaussian distribution. A spread in the axial momentum of the beam causes variation
in the resonance condition Eqn. (2.5), thereby deteriorating the interaction.
For a gyro-TWT under the simplest case, the distribution function of the electron
beam can be represented as
hb (rb) = Ab
1
rb
δ (rb − rb0) , (2.9)
g (pt, pz) =
1
2πpt
δ (pt − pt0) δ (pz − pz0) , (2.10)
where Ab is the area of the beam cross-section, rb0 is the average beam radius (equal
to rb in our notation) and pt0, pz0 are the mean transverse and longitudinal momenta,
respectively. The δ () functions are the Dirac delta functions. Identifying the beam
current to be the number of electrons ﬂowing per unit time through the waveguide
cross-section, we may express the operating current, I0 as
I0 = σ0 Ab e vz. (2.11)
Substituting Eqns. (2.9 and 2.10) into Eqn. (2.6), and using Eqn. (2.11) to perform
simple integrations over the momentum space one obtains
D (ω, kz) = k
2 − k2z − k2t
[
1− (1 + i)
(
1 +
m2
ν2mn −m2
ω2
ω2c
)
δskin
rw
]
+
e µ0c
2
γme0π r2w Kmn
I0
vz
×
[
(ω2 − k2zc2) β2tH−s,m
(ω − kzvz − sΩ/γ)2
− (ω − kzvz)Q−s,m
(ω − kzvz − sΩ/γ)
]
= 0, (2.12)
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where
βt =
pt
γme0c
=
vt
c
, (2.13)
βz =
pz
γme0c
=
vz
c
. (2.14)
Thus one ﬁnds in Eqn. (2.12) a dispersion relation for the beam-wave coupled system
in a gyro-TWT. The complexity of the dispersion relation rules out a closed form
analytical evaluation of k = k (ωreal) except for the case of very weak-beam wave
coupling. Under conditions of weak beam-wave coupling we can formulate a Pierce-
type [93] gain equation for a gyro-TWT as in [129] for analyzing the gain-frequency
response of the device.
The above dispersion relation can be numerically solved for complex solutions of
k for real values of ω to obtain the growth rate of the CRM instability. One may
employ the methodology developed in [32] to ﬁnd the conditions for the excitation of
absolute and convective instabilities.
2.4 Single Particle Theory for Gyrotron Ampli-
ﬁers
In the kinetic theory developed in the previous section the electron beam was repre-
sented as a distribution function and its evolution in the presence of the electromag-
netic wave and a static axial magnetic ﬁeld was determined by solving the relativistic
Vlasov equation. An alternate approach to studying the interaction mechanism is
based on tracking the behavior of each electron separately as the beam drifts through
the interaction region. The ensemble of the equations of all the representative elec-
trons can be used to determine the net energy exchange in the beam-wave system.
The beneﬁts of this approach are numerous. It is applicable over a wider range of
parameter space than a kinetic description of a cold plasma. The beam temperature
eﬀects such as momentum and energy spread can be included more easily in the anal-
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ysis. Furthermore, this is a fully nonlinear description of the interaction process and
models saturation eﬀects. However, the space charge eﬀects are ignored in this single
particle theory.
A detailed derivation of the single particle theory is presented by the author else-
where [134] following the approach developed by Yulpatov [106] and later generalized
in [123] and [124]. The theory is valid for gyrotron traveling wave ampliﬁers operating
at arbitrary cyclotron harmonics in a waveguide of arbitrary cross-section. The drift
of the guiding centers of the electrons is also included for generality even though this
eﬀect is negligible in a gyro-TWT. Also included is the eﬀect of inhomogeneity of the
static magnetic ﬁeld. It is well known that tapering of the external magnetic ﬁeld to
maintain synchronism with the slowing electrons enhances the interaction eﬃciency
[125].
The whole interaction process can be represented by the following set of Eqns.
(2.15–2.17) connecting the electron energy, the electron phase with respect to the
electromagnetic wave and the ﬁeld amplitude:
dw
dz′
= −2(1− w)
s/2
(1− bw) Re
{Fe−iϑs} , (2.15)
dϑs
dz′
=
1
(1− bw)
[
µ¯w − ∆¯ + s (1− w) s2−1 Im{Fe−iϑs}] , (2.16)
dF
dz′
= −I ′0
1
π
2π∫
0
(1− w)s/2
1− bw e
iϑsdϑ0, (2.17)
where
F = µ0c
κ
1− hβz0
γ0βt0βz0
1
2s (s− 1)!
(
κp
′
t0
µ
)s−1
A
′
Ls (X,Y ) , (2.18)
z
′
= kz, (2.19)
h = kz/k, (2.20)
κ = kt/k, (2.21)
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p
′
t0 =
pt0
me0c
, (2.22)
µ =
eB0
me0ω
, (2.23)
w =
2 (1− hβz0)
β2t0
γ0 − γ
γ0
, (2.24)
b =
hβ2t0
2βz0 (1− hβz0)
, (2.25)
µ¯ =
β2t0
2βz0
1− h2
1− hβz0
, (2.26)
∆¯ =
1
βz0
(
1− sµ
γ
− hβz0
)
, (2.27)
ϑs = sθ − (ωt− kzz) , (2.28)
A
′
=
eA
me0cω
, (2.29)
where A is the amplitude of the RF ﬁelds which are expressed as
E = Re
{
A Es (rt) e
i(ωt−kz,cz)
}
, (2.30)
H = Re
{
A Hs (rt) e
i(ωt−kz,cz)
}
. (2.31)
Functions Es and Hs describe the transverse structure of the ﬁelds, rt is the trans-
verse coordinate and kz,c is the cold (beam absent) axial propagation constant of the
waveguide.
The normalized current parameter, I
′
0 is deﬁned as
I
′
0 =
e |I0|
Ns
2µ20
k2t me0γ0
1− hβz0
β2z0
(
1
2s (s− 1)!
)2(
κp
′
t0
µ
)2(s−1)
|Ls|2 , (2.32)
where I0 is the DC beam current, βz0 (= vz0/c) and βt0 (= vt0/c) are the normalized
axial and transverse velocities of the electron beam, µ0 is the permeability of free
space, γ0 is the relativistic mass factor of the electrons, me0 is the rest mass of the
electrons, e is the charge of an electron, s is the cyclotron harmonic number and Ls
is the Form Factor for the waveguide which depends on the transverse shape of the
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waveguide and the operating mode and is deﬁned as
Ls =
(
1
kt
)s(
∂
∂X
+ i
∂
∂Y
)s
Ψ(X,Y ) , (2.33)
where X and Y are the transverse coordinates of electron guiding center. The Norm
of the waveguide, Ns is deﬁned as
Ns =
∫∫
dS⊥
{[
Es × H∗s
]
−
[
Hs × E∗s
]}
zˆ0, (2.34)
where dS⊥ represents the unit area normal to the waveguide. The norm describes the
power ﬂowing through the waveguide cross-section for a wave of unit amplitude. Ψ is
the eigenfunction for the Helmholtz equation ∆tΨ+ k
2
tΨ = 0,and ∆t is the Laplacian
in the transverse direction. Ψ satisﬁes the following boundary conditions
∂Ψ
∂nˆ
∣∣∣∣
waveguide wall
= 0 TE modes, (2.35)
Ψ|waveguide wall = 0 TM modes, (2.36)
where nˆ is a unit normal to the waveguide wall.
Eqns. (2.15–2.17) may be either solved numerically to fully describe the inter-
action including the nonlinear eﬀects, or can be linearized to obtain a small signal
dispersion relation.
2.4.1 Linear Growth Rate
The self-consistent equations Eqns. (2.15–2.17) can be linearized in the small signal
limit, where the growing quantities are assumed to vary as ∼ eiΓz′ to obtain the
following small signal dispersion relation for real ω and complex kz as
Γ3 − ∆¯Γ2 − I ′0 (s− b) Γ +
(
µ¯− ∆¯b) I ′0 = 0. (2.37)
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This equation was also obtained previously in [123] and for the case of fundamental
operation (s = 1) was obtained in [42] and [115]. For large values of the parameter
µ¯, Eqn. (2.37) can be reduced independent of the cyclotron harmonic number to a
form similar to the well known dispersion equation of a TWT [93]
δ2
(
δ − ∆¯′
)
+ 1 = 0, (2.38)
where,
δ =
Γ(
I
′
0µ¯
)1/3 , (2.39)
∆¯
′
=
∆¯(
I
′
0µ¯
)1/3 . (2.40)
At exact cyclotron resonance
(
∆¯ = 0
)
the normalized growth rate for the growing
wave solution is given by
ImΓ = −
√
3
2
(
I
′
0µ¯
)1/3
. (2.41)
In Section 2.9.2 on page 63 we present numerical results to compare the linear growth
rates from the kinetic and single particle theories for a cylindrical guide gyro-TWT.
2.4.2 Nonlinear Evolution
To study the full nonlinear behavior of the interaction we can numerically solve Eqns.
(2.15–2.17) to compute the evolution of the electron energy, phase and the ﬁeld am-
plitude along the interaction length. In the most simple case the losses in the system
say, the wall losses due to the ﬁnite conductivity of the interaction structure, diﬀrac-
tion losses in an open waveguide like a confocal waveguide, which will be studied
later, can be included as cold circuit loss after propagation of the solution through
one step along the interaction length.
Later in this chapter in page 63 the numerically computed growth rates from
the linear and nonlinear theories are compared to verify their agreement. The linear
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growth rate obtained from the single particle theory is also compared with the linear
growth rate obtained from an independent computer code based on the kinetic theory.
2.5 Norm and Form Factor
While formulating the single particle theory we deﬁned the waveguide Norm in Eqn.
(2.34) and the Form Factor in Eqn. (2.33) for an arbitrarily shaped interaction
structure. For simple interaction structures like a cylindrical waveguide it is easy to
derive analytical expressions for both the Norm and the Form Factor however, for an
interaction structure having a complicated shape, e.g., a confocal waveguide it may
not be possible to obtain closed form analytic solutions.
2.5.1 Cylindrical Waveguide
In case of a cylindrical waveguide, the ﬁelds can be expressed in terms of the scalar
function
Ψ = Cmn Jm (ktr) e
imφ, (2.42)
where the normalization factor Cmn is deﬁned as
Cmn =
1√
π (k2t r
2
w −m2)Jm (ktrw)
, (2.43)
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for the TEmn mode with rw as the waveguide radius and φ is the azimuthal angle.
Substituting the above value of Ψ into the following ﬁeld expressions
Hsz = Ψ (2.44)
Hsr = i
kz
k2t
∂Ψ
∂r
, (2.45)
Hsφ = i
k
k2t
1
r
∂Ψ
∂φ
, (2.46)
Esz = 0, (2.47)
Esr = iµ0c
k
k2t
1
r
∂Ψ
∂φ
, (2.48)
Esφ = −iµ0c
k
k2t
∂Ψ
∂r
. (2.49)
We can evaluate the following quantities as
Ls = CmnJs−m (ktrb) , (2.50)
Ns =
∫ ∫
dS⊥
(
Es × H∗s − Hs × E∗s
)
= 2µ0cC
2
mn
kkz
k4t
, (2.51)
P =
1
2
Re
{∫ ∫
dS⊥
(
Es × H∗s
)}
= 4Ns, (2.52)
where rb is the mean beam radius.
2.5.2 Confocal Waveguide
A confocal waveguide consists of two mirrors each having a radius of curvature, rc
separated by the same distance as shown in Fig. 3-11 on page 91. The HE06 mode
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of the confocal waveguide has six nulls in the axial magnetic ﬁeld amplitude perpen-
dicular to the mirror and none along the mirror. The electric ﬁeld variation in such
a mode is shown in Fig. 3-12(d) on page 94. In the Fig. 3-12(d) we show the magni-
tude of the electric ﬁeld because the location of the electron beam is determined by
the location of the maxima of the electric ﬁeld of the operating mode. A complete
discussion of the confocal resonator is presented in Chapter 3.
From the ﬁeld equations of the confocal waveguide in Sec. 3.3 it is not possible
to obtain closed form expressions for the waveguide norm and form factor in this
case. We evaluate all the derivatives occurring in those expressions analytically using
Mathematica. The ﬁnal integrations of these analytic expressions are however, carried
out numerically by using the IMSL numerical routines (Compaq Visual Fortran 6.1
[139]) using multivariate quadrature algorithms.
2.6 Backward Propagating Wave Oscillations
As mentioned earlier in this chapter, the convective instability is not an exclusive
entity on the beam-wave system. Various other instabilities thrive under diﬀerent
operating regimes of the device. The most dangerous of these parasitic eﬀects for an
ampliﬁer are the absolute instability and the Backward Propagating Wave Oscillations
(BPWO). From the small signal dispersion relation Eqn. (2.12) derived from the
kinetic theory one may ﬁnd conditions for the excitation of the absolute instability
as described in detail in [118].
The BPWO instability results from the interaction of the gyrating electrons and
an electromagnetic wave propagating in a direction opposite to the electron beam.
This interaction is diﬀerent from the Backward Wave Oscillation (BWO) in slow-
wave devices where the phase and group velocities of the backward circuit wave are
in opposite directions. In the case of the fast electromagnetic modes in a device like
a gyro-TWT, which has a smooth walled interaction structure both the phase and
group velocities of the electromagnetic wave are in the same direction [138].
The single particle theory is also valid for a gyro-BPWO operating far enough
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from the waveguide cutoﬀ to ensure that the interaction of the electrons with the
non-synchronous waves can be neglected. The set of diﬀerential Eqns. (2.15–2.17)
holds good for a gyro-BPWO however, the axial wavenumber kz has to be replaced
with −kz to describe the backward wave. The corresponding boundary conditions
are
1. u
(
z
′
= 0
)
= eiϑ0s where ϑ0s is the initial phase uniformly distributed over
[0, 2π] .
2. F
(
z
′
= L
′)
= 0 where L
′
(= Lk) is the normalized length of the tube. This
condition assumes that the output end of the tube is perfectly matched for the
wave in consideration.
We designate the two ends of the tube as the electron gun end and the collector end
in the following explanation. The last boundary condition implies that no waves enter
the tube from the collector end however, a counter propagating wave gets excited at
the collector end and propagates towards electron gun end of the tube while gaining
amplitude due to the BPWO interaction. At the electron gun end of the tube this
wave can be extracted or reﬂected back from the cutoﬀ narrowing of the tube. In
the latter case the reﬂected wave now co-propagates with the electrons towards the
collector end. This is a forward nonsynchronous wave which does not interact with
the electrons and passes through an output window without reﬂections. One may
obtain a small signal dispersion relation of the form Eqn. (2.37) from the non-linear
equations with the above mentioned boundary conditions and inverting the sign of
the axial propagation constant.
The small signal dispersion relation can be used to determine the start oscillation
current for the BPWO for a given length of the tube. The length of each amplifying
section of the tube should be chosen such that the operating current is below the
BPWO start oscillation current. Obviously, this restricts the gain that one may
achieve from each section of the tube, however, the overall gain of the tube can be
increased by employing multiple amplifying sections separated by heavily lossy regions
called severs. The severs cause the complete attenuation of the forward and backward
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propagating waves leaving the current modulation in the beam unaﬀected. It may be
shown that the hot loss (in the presence of the electron beam) for the forward wave is
a mere 3.52 dB [136] while the loss for the backward wave which is not coupled to the
beam is equal to the cold circuit loss. A novel technique for suppressing backward
wave oscillations in a long interaction structure is to apply heavy loss throughout the
circuit except in the ﬁnal section where most of the gain takes place [76], [77]. This
distributed loss structure, also known as a heavily loaded circuit does not rely on
localized severs to suppress the backward wave and has demonstrated an impressive
gain of 70 dB at 35 GHz [77].
2.7 Single Particle Theory for Gyrotron Oscilla-
tors
The nonlinear theory of gyrotron oscillators is well developed in the form of gener-
alized pendulum equations [40], [102]– [105]. We summarize the results presented in
[104] in this section. These results will be used for the design of gyrotron oscilla-
tors presented later in this work. The self-consistent equations of the electron energy
and slowly varying phase for a weakly relativistic electron beam under the condition
sβ2t0/2 1 are as follows:
du
dζ
= 2Ff (ζ) (1− u)s/2 sin θ, (2.53)
dθ
dζ
= ∆− u− sFf (ζ) (1− u)s/2−1 cos θ. (2.54)
The normalized energy of the electrons deﬁned as
u =
2
β2t0
(
1− γ
γ0
)
, (2.55)
where the subscript 0 denotes initial value of the quantity under consideration, βt0
(= vt0/c) is the normalized transverse velocity of the electrons and γ is the relativistic
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mass factor of the electrons. The slow-time scale phase variable is deﬁned as
θ = ωt− sφ, (2.56)
where φ is the phase of the electron in its Larmor orbit. The normalized ﬁeld ampli-
tude of the cavity mode is deﬁned as
F =
E0
B0
βs−4t0
(
ss−1
s!2s−1
)
Jm±s (ktrb) , (2.57)
where E0 is the amplitude of the electric ﬁeld, B0 is the magnitude of the static axial
magnetic ﬁeld, s is the cyclotron harmonic number, kt is the transverse propagation
constant, rb is average hollow beam radius, m is the radial index of the TE mode and
J ( ) is the Bessel function of the ﬁrst kind. The plus and minus signs in the Bessel
function subscript correspond to the two possible rotations of the RF ﬁeld. f (ζ) is
a function describing the longitudinal ﬁeld proﬁle of the resonator mode. Though
typically, in gyrotrons f (ζ) is chosen to be a Gaussian function, which is a good
description for a resonator open at both ends for diﬀractive coupling of power, other
optimized ﬁeld proﬁles can also be chosen to enhance the interaction eﬃciency. The
detuning parameter ∆ is deﬁned as
∆ =
2
β2t0
(
1− sΩ
γω
)
. (2.58)
The axial coordinate is normalized as
ζ = π
β2t0
βz0
z
λ
, (2.59)
where βz0 (= vz0/c) is the normalized axial velocity of the electrons and the normalized
interaction length is
µ = π
β2t0
βz0
L
λ
, (2.60)
where L is the length of the resonator and λ is the wavelength of the operating mode.
The initial conditions are θ = θ0  [0, 2π] and u = 0. The interaction eﬃciency is
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given by
η =
γ0 − γ
γ0 − 1
=
β2t0
2 (1− 1/γ0)
ηt, (2.61)
where the transverse eﬃciency ηt, deﬁned as the amount of transverse electron energy
given up to the resonator ﬁeld is
ηt = 〈u (ζout)〉θ0 . (2.62)
The brackets 〈〉θ0 denote an average over initial phase and the subscript out denotes
the end of the resonator. The ﬁeld amplitude F is related to the beam current by an
energy balance equation. The total resonator quality factor (Q), QT is given by
1
QT
=
1
QOhm
+
1
QDiff
, (2.63)
where QOhm and QDiff are the ohmic and diﬀraction quality factors. QT is related
to the stored energy, U as QT = ωU/P. The dissipated power, P which in this case is
the energy extracted from the cavity by diﬀraction is
P = ηI0V0 =
mc2
e
γβ2t0
2
ηtI0, (2.64)
where I0 is beam current in amperes and V0 is the accelerating voltage. For a Gaussian
ﬁeld proﬁle of the form
f (z) = e−(kzz)
2
or f (ζ) = e−(2ς/µ)
2
, (2.65)
where kz = 2/L deﬁnes the eﬀective resonator length L, The energy balance equation
can then be written as
F 2 = ηtI, (2.66)
where I, the normalized current parameter is deﬁned as
I = 0.238× 10−3
(
QT I0
γ0
)
β
2(s−3)
t0
λ
L
(
ss
2ss!
)2 J2m±s (ktrb)
(ν2mn −m2) J2m (ktrb)
. (2.67)
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Using the above theory the transverse eﬃciency is reduced to a function of only
three normalized variables namely, F, µ and ∆. The eﬃciency can be optimized with
respect to the detuning parameter ∆; the optimum value of ∆ is denoted by ∆opt. This
allows the optimized eﬃciency to be written as function of only two parameters ηt =
ηt (F, µ) . The contour plots of the optimized eﬃciency for various values of normalized
current I and the normalized resonator length µ for up to the ﬁfth cyclotron harmonic
interaction are presented in [104]. These plots prove to be very useful for the initial
design of a gyrotron oscillator because the relevant design constraints such as wall
loading, beam voltage depression, and beam thickness eﬀects can be expressed in
terms of F and µ parameters.
From a linear theory of gyrotron oscillators [103], the starting current for oscilla-
tions in a gyrotron operating in the sth cyclotron harmonic is given in terms of the
normalized current parameter I, by
Ist (∆, µ) =
4
πµ2
(
e2x
2
µx− s
)
, (2.68)
where x = µ ∆/4. We see that the starting current is a function of the detuning
parameter, ∆ thus minimizing Eqn. (2.68) with respect to ∆ yields, the expression
for the minimum starting current which occurs at
xmin =
1
2
[
s
µ
+
(
s2
µ2
+ 1
)1/2]
. (2.69)
2.8 Computer Codes
Independent computer codes were developed as part of this work based on the gy-
rotron theories described in the earlier sections to help in the design of various ex-
periments. A brief description of these codes is presented below.
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2.8.1 Computer Code for the Linear Growth Rate in Gy-
rotron Ampliﬁers Based on the Kinetic Theory
The linear growth rates of the CRM instability can be computed using either the
small signal dispersion relation from the kinetic theory, Eqn. (2.12) or the cubic
dispersion relation, Eqn. (2.37) derived from the linearized single particle theory .
The beam-wave dispersion relation, Eqn. (2.12) derived using the kinetic theory
can be solved to obtain the growth rate for the convective instability. This dispersion
relation can also be used to study the onset of absolute instability in a CRM ampliﬁer.
The operating parameters namely, beam current and magnetic detuning are chosen
to be below the threshold for absolute instability using the gyrotron oscillator code
(to be described later) so that the growth rates computed by this code correspond
to the convective instability.
This code assumes a cylindrical cross-section of the interaction structure namely, a
cylindrical waveguide operating in a TE mode. The growth rates can be computed for
a gyro-TWT or CARM ampliﬁer employing either one or many beams. An example
of a multibeam device is a double stream electron cyclotron maser. The code assumes
an inﬁnitesimally thin cold beam i.e., a beam with no momentum or energy spread.
We solve the dispersion relation Eqn. (2.12), which is a cubic polynomial in (ω, k) for
complex values of k for given real values of ω. The dispersion relation is represented as
a polynomial with complex coeﬃcients and the Jenkins-Traub three step algorithm is
used to compute the roots. This routine is available in the IMSL Libraries of Compaq
Visual Fortran 6.1 [139]. The convergence and stability of this routine are excellent
for most parameters of interest in this study.
2.8.2 Computer Code for Gyrotron Ampliﬁers Based on the
Single Particle Theory
This code is based on the single particle theory for gyrotron ampliﬁers. It is developed
as part of a comprehensive design platform for gyrotron ampliﬁers at the MIT Plasma
Science and Fusion Center.
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Computation of Linear Growth Rate
The cubic dispersion relation, Eqn. (2.37) derived from the single particle theory
was also solved using the Jenkins-Traub three step algorithm. The computed growth
rates from the either equation can be used to determine the gain as a function of
frequency for a range of operating parameters such as the voltage, current, velocity
pitch factor, magnetic ﬁeld etc. to enable a ﬁrst cut parameter search.
Computation of Nonlinear Operation Characteristics
To solve the nonlinear system of equations we start with say, ne macro electrons. Each
macro electron represents a group of electrons starting with similar initial parameters.
The accuracy of the simulation improves with the number of macroelectrons because
the ensemble averages over the initial phases are calculated as discrete sums rather
than continuous integrals. Typically, the results converge for ne > 64. With ne macro
electrons we obtain a system of ne equations for the energy, Eqn. (2.15); ne equations
for phase, Eqn. (2.16); and two equations for the real and imaginary parts of the ﬁeld
amplitude Eqn. (2.17) thus forming a system of 2ne+2 equations. All the electrons are
assigned the initial transverse and longitudinal momenta based on the beam voltage,
V0 and the velocity pitch factor α (= pt/pz) . For the case of zero velocity spread the
phase (ϑs) of the electrons are uniformly distributed over the interval [0, 2π] .
For consideration of the velocity spread in a monoenergetic beam, which is typi-
cally Gaussian in the transverse momentum space with a ﬁnite beam temperature, we
ﬁrst create a Gaussian around the mean transverse momentum based on the value of
the transverse momentum spread. For a monoenergetic beam, under adiabatic con-
ditions, the longitudinal momentum spread is the square of the velocity pitch factor
times the transverse momentum spread
(∆pz)
pz
≈ α2 (∆pt)
pt
. (2.70)
For numerical computation the distribution of macro electrons is divided into nv
number of velocity classes. Typically, we choose nv = 7 for (∆pz) /pz < 0.1. The
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value of nv should be increased for much larger spread values to eﬀectively represent
the electrons in the tail of the distribution. The number of macro electrons assigned to
each of these velocity classes is determined by the weight of the Gaussian distribution
and ne, the total number of macro electrons. Each velocity class has the same initial
transverse and longitudinal momenta and the initial phases of electrons within each
velocity class are uniformly distributed over the interval [0, 2π] .
Independent computer codes have been developed for analyzing the interaction
based on the kinetic theory and the single particle theory. A comprehensive package
for designing the confocal interaction structure based on the single particle theory
has been developed as part of this work. The code also supports the analysis of
cylindrical waveguide interaction structures. This feature allows us to benchmark the
results with those obtained from an independent code based on the kinetic theory
described in Sec. 2.8.1.
Though presently not supported, the code has the capability to use a simulated
distribution for the electron beam such as that output by EGUN [140]. This capability
of the code allows it to model the interaction process better than the case in which
a simple Gaussian spread in the longitudinal or transverse momentum is considered.
The next version of the code will fully support this feature.
The results from this code have been benchmarked with an independent code
based on the linear kinetic theory for the case of a cylindrical waveguide interaction
structure. The simulation results from the codes described in Sec. 2.8.1 and Sec.
2.8.2 for the gain vs frequency plot for a cylindrical waveguide gyro-TWT have been
compared in Fig. 2-7. We ﬁnd an excellent agreement for the linear growth rates
predicted by single particle code and the kinetic code. The numerical results from
the kinetic code also agree with those presented in [118] for the TE01 mode cylindrical
guide gyro-TWT.
The next step in the benchmarking process is to compare the growth rates pre-
dicted by solving the nonlinear equations of motion and that obtained from the linear
dispersion relation in the small signal regime. The results of such a comparison for a
confocal waveguide gyro-TWT are shown in Fig. 2-8. The diﬀerence in the output
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Figure 2-7: Comparison of the linear growth rates predicted by the kinetic theory
and the single particle theory.V0= 70 kV, I0 = 5 A, α =1.2, rb =1.24 mm, rw = 2.96
mm, TE13 mode, B0 = Bg, (∆pz) /pz = 0%.
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Figure 2-8: Comparison of the linear and nonlinear growth rates in a confocal
wvaeguide gyro-TWT. V0 = 65 kV, I0 = 7 A, α = 1.2, rb =1.81 mm, rc = 6.79
mm, HE06 mode, B0 = 0.998 Bg, ∆pz/pz = 0%.
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powers predicted by the linear and nonlinear codes is attributable to the launching
loss, which is accounted for in the nonlinear theory. The launching loss occurs due to
the distribution of the input power into three waves, namely, a forward growing wave,
a forward decaying wave and a constant amplitude forward wave. At exact synchro-
nism (∆ = 0) the launching loss can be shown to be exactly 9.54 dB by following a
Pierce type approach described in [129].
The phase bunching in a gyro-TWT is shown by the non-linear analysis which
follows the electron trajectories along the interaction length. Using the results from
the single particle code we plot the trajectories of various velocity classes of electrons
for an assumed Gaussian-spread in the transverse momentum of the electron beam.
The electrons in each velocity class are uniformly divided in the phase space [0− 2π].
To avoid overlapping of the various electrons from diﬀerent velocity classes, we have
divided the phase space for each class from 2nπ−2 (n + 1)π. The electron trajectories
for typical operating parameters of a gyro-TWT are shown in Fig. 2-9 in page 66.
With the description of the computer code based on the single particle theory we
have outlined the design tool which will be used in the later chapters for the design
and optimization of the gyro-TWT.
2.8.3 Computer Code for Gyrotron Oscillator Design
A computer code was developed to integrate the nonlinear pendulum equations for
a gyrotron oscillator described in Sec. 2.7 to evaluate the interaction eﬃciency and
to optimize the operating parameters. This code is very similar to the gyro-TWT
ampliﬁer code based on the nonlinear single particle theory described in the previous
section. The only diﬀerence in the case of a gyrotron oscillator is the use of a station-
ary wave in a resonator instead of a traveling wave with a growing ﬁeld amplitude
as in the case of a gyro-TWT. Any kind of axial ﬁeld proﬁle, f (ζ) can be chosen
based on the shape of the resonator. Several other gyrotron resonator design codes
at the MIT-PSFC were used for studying the electromagnetic mode and computing
the resonant frequency of the resonator.
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2.9 Discussion
In this chapter some of the theoretical approaches to the CRM instability problem
were outlined. The linear dispersion relation for the beam-wave interaction in a
gyrotron ampliﬁer obtained using the kinetic theory was described to evaluate the
growth rate of the convective instability. A single particle theory to compute the
evolution of the beam-wave system was presented. A linear dispersion relation derived
from the nonlinear self-consistent equations of the beam-wave system was shown to
be a cubic equation with one solution corresponding to a growing wave. The ﬁnal
set of nonlinear equations for the electron energy, phase and the amplitude of the
electric ﬁeld are presented for numerical computation to include the large signal and
saturation eﬀects. The equation for the starting current and the nonlinear theory for
computing the eﬃciency in gyrotron oscillators was reviewed. Three computer codes
written for the numerical implementation of the above theories were also described.
These codes have served as the design tools for all the experiments described later in
this work. The benchmarking of the codes against each other and also against results
published elsewhere by other authors indicate good agreement.
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Chapter 3
Mode Selective Interaction
Structures
Vacuum electron devices are important sources of high power microwave radiation
for use in industrial heating, plasma heating in magnetic conﬁnement fusion experi-
ments, radar, communications, driving accelerators and many other applications [15].
Extension of the operating frequency of these sources to higher frequency is of great
interest and would open up many new applications. One obstacle to the extension
of the operating frequency is that high power, high frequency devices must oper-
ate in overmoded structures for several reasons. As the frequency increases to the
millimeter-wave range, fundamental mode resonators have sub-millimeter dimensions
so that accurate fabrication is diﬃcult and expensive and most importantly the ther-
mal loading on the walls of the interaction structure (resonator or a waveguide) per
unit area becomes excessive. The state-of-the-art cooling technology is limited to
about 1 or 2 kW/cm2 for simple geometry structures such as the cylindrical res-
onators used in megawatt gyrotrons. Recent eﬀorts to build sub-millimeter wave
interaction structures for high power millimeter wave devices have proved to be very
challenging and the experimental results far from successful . It is also very diﬃcult
to transmit an electron beam through such small structures without beam intercep-
tion, the principal nemesis for the klystrino [142] a 94 GHz miniature conventional
klystron built using microfabrication techniques. Though overmoded resonators al-
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leviate these problems, their pitfall is mode competition – a limiting factor in the
design and operation of millimeter-wave VEDs. Typically, mode competition causes
several serious problems in a VED. The presence of parasitic modes directly reduces
the eﬃciency of the main operating mode or prevents the access to the high eﬃciency
operating regime of the design mode. Parasitic mode oscillations outside the desired
frequency band renders a device unsuitable for radar applications because the power
ampliﬁer needs to be zero drive stable to permit the sensitive receiver to listen to
the feeble echo from the target. The output section components in a high power
microwave tube such as the internal mode converter and the window are designed for
the operating mode and usually perform poorly for the parasitic modes resulting in
trapped power in the tube. Even tens of kW’s of trapped power in a megawatt power
level gyrotron causes heating and outgassing which results in a severe deterioration of
the vacuum inside the tube. The heating can also lead to catastrophic failure of the
seals and brazes. This is a severe problem in megawatt gyrotrons for application in
ECRH of fusion plasmas and has prompted the researchers at Germany [56] to install
a ‘relief’ window in addition to the main output window.
While megawatt gyrotrons operate in highly overmoded resonators to keep the
cavity thermal loading below 1 kW/cm2, most recent successful gyrotron ampliﬁers
have limited themselves to either the fundamental TE11 mode [77] or a very low order
circuit mode such as the TE01 [19], [83] to mitigate the problem of mode competition
and parasitic oscillations. The operating parameter space in an ampliﬁer is more
restricted than in oscillators due to the problem of the excitation of oscillations in
addition to mode competition. It is now becoming increasingly evident that con-
temporary ideas of building very low order mode gyrotron ampliﬁers prevents the
generation of more than a few tens of kW’s at W-band (94 GHz) and the situation
only gets worse at higher frequencies. The power capability of VED’s scales with
operating frequency as f 5/2, which severely limits the available power at millimeter
wave frequencies. The most successful experiment to date has been the demonstra-
tion of 10 kW average power in the CPI/NRL gyroklystron [15] at W-band (94 GHz).
Clearly, new ideas are needed to generate more than 100 kW average power in the
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Ka band and W-band for future radar applications [144]–[146].
This work is devoted to the demonstration of novel concepts for building over-
moded fast wave devices, however, the much larger segment of the VED market
consisting of slow-wave tubes with fundamental mode interaction circuits can also
directly beneﬁt from the ideas demonstrated in this thesis. The slow-wave tubes
boast of portability, lower cost and multioctave bandwidth as compared to fast-wave
tubes but they are limited mainly to producing a few 100’s of Watts of average power
in the Ka-band (35 GHz). The only successful high power slow-wave tubes at W-
band are the Millitron tubes [21] from CPI which come with a stiﬀ price tag. These
tubes in diﬀerent conﬁgurations can produce up to 100 W of CW or 1 kW of peak
power. The interaction circuit is either a double inline ladder structure (high power)
or double-staggered ladder (20 % bandwidth and 100 W CW power) circuit with
fabrication tolerances of 2 ten-thousandths of a mil (0.0002 inches) [21]! Recently,
Thomson Tubes Electroniques has demonstrated a 94 GHz slow-wave TWT with an
instantaneous bandwidth of 500 MHz, output power of 200 W and a maximum duty
cycle of 10 % [22]. The state-of-the-art W-band extended interaction klystrons (EIK)
[23] developed by CPI can produce slightly more than 1 kW of peak power over 5
GHz mechanically tunable bandwidth, however the duty factor of the EIKs is limited
at the most to a fraction of 1 %.
The Holy Grail of building higher frequency VEDs is an interaction structure
capable of stable single mode operation in a higher order mode. This will enable every
class of microwave device to use an interaction structure with transverse dimensions
much larger than the operating wavelength to meet the thermal load requirements
and simplify fabrication. In this work, the idea of using overmoded yet mode-selective
interaction structures has been the philosophy behind building the next generation
VEDs capable of operating from 100 GHz to up to the Terahertz domain. While other
contemporary researchers [141], [142] are exploring novel microfabrication techniques
such as LIGA [143] for 94 GHz devices, the experience gained at MIT so far during
the various experiments demonstrated as part of this work, does indicate that when it
comes to higher power handling capability larger interaction structures seem to have
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many advantages.
In this chapter we present the research on novel mode selective structures for ap-
plications in VEDs. Two diﬀerent classes of structures relying on diﬀerent electromag-
netic properties for limiting the mode population and enhancing mode discrimination
are described. Photonic Band Gap (PBG) structures described in Sec. 3.1 rely on the
periodicity of the structure to provide frequency dependent losses while quasioptical
open structures discussed in Sec 3.2 use diﬀraction from the open boundary of the
structure for mode selectivity. The basic methodology for design of mode-selective
interaction structures using either of these structures is also discussed.
3.1 Photonic Band Gap Structures
The use of one dimensional (1D) Bragg reﬂectors in both active [147] and passive
microwave and optical devices is well known. A Bragg reﬂector is essentially a peri-
odically modulated medium which shows a sharp contrast in the transmission coef-
ﬁcient with frequency and the angle of incidence. Photonic Band Gap (PBG) [148]
structures are periodic two or three dimensional (2D or 3D) arrays of varying dielec-
tric and/or metallic structures. In recent years, numerous advances have improved
our understanding of the theory of PBG structures [149], [150]. This has led to new
applications in passive devices for guiding and conﬁnement of electromagnetic radia-
tion. Their use in both microwave and optical devices has primarily been limited to
passive devices such as waveguides and ﬁlters [151]–[153], though some applications
in active devices have been reported [154]. The ﬁrst VED using a PBG structure was
experimentally demonstrated during the course of this work [155] and is discussed
in Chapter 5. The results of investigation of the potential of PBG structures for
accelerator cavities are also very promising [156]–[158].
3.1.1 Theory of Metallic PBG Structures
In the last decade there has been signiﬁcant progress in the theory of both metallic
and dielectric PBG structures [90], [149], [150]. In this section we brieﬂy outline
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Figure 3-1: Conﬁguration of 2D metallic PBG structures of perfectly conducting
cylinders in a triangular or square lattice. The dotted parallelogram and square show
the boundary of a unit cell.
the technique for computing the electromagnetic wave propagation characteristics of
metallic PBG structures which are of interest in VED’s, particularly fast wave devices
which operate in the TE modes. A very versatile simulation and modeling software
(MIT Photonic Bands) developed at the MIT Physics Dept. [159] is very useful
for designing two and three dimensional dielectric PBG structures. Since metallic
structures were of initial interest for applications in VED’s due to their mechanical
strength and thermal capability, a diﬀerent software was developed at the Waves and
Beams Division of the MIT-Plasma Science and Fusion Center (PSFC) for computing
the band gaps of 2D square and triangular lattices of cylindrical metal posts. The use
of 3D structures in VEDs can be very interesting and is likely to be a focus area in
future. The theory and implementation of the MIT software for computing the bulk
properties of 2D metallic PBG structures is described in detail in [90] et al.
In this section we review the theory of computing the propagation characteristics
of electromagnetic waves through a PBG structure from the work of Smirnova et al.
[90]. A simple 2D array of metallic post in either a triangular or square lattice as
shown in Fig. 3-1 constitutes a PBG structure. The system can be described by a
periodic conductivity proﬁle
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σ (x) = σ (x⊥)
=

 ∞,
[
x− (m + n
2
)
a
]2
+
[
y −
√
3
2
na
]2
< r2
0, otherwise
(tri. lattice), (3.1)
=

 ∞, (x−ma)
2 + (y − na)2 < r2
0, otherwise
(square lattice), (3.2)
where (x, y) are the transverse coordinates, x⊥ = xeˆx + yeˆy, r is the radius of the
metal cylinder, a is the lattice vector for each array, m and n are integers. We deﬁne
a set of periodicity vectors Tmn for the transverse conductivity proﬁle
σ (x⊥ +Tmn) = σ (x⊥) , (3.3)
where
Tmn =
(
m +
n
2
)
aeˆx +
√
3
2
naeˆy (triangular lattice), (3.4)
(3.5)
= maeˆx + naeˆy (square lattice). (3.6)
From Maxwell’s equations we can easily show that for 2D PBG structures the solution
can be found separately for two independent classes of modes, namely, TE (electric
ﬁeld is transverse to the rod axis) and TM (magnetic ﬁeld is transverse to the rod
axis). All the ﬁeld components in the TM (TE) modes can be expressed in terms of
the axial component of the electric (magnetic) ﬁeld, which is denoted by the function
ψ. The absence of a third dimension in the problem allows us to express ψ as
ψ (x, t) = ψ (x⊥, t) ei(kzz−ωt), (3.7)
where, kz is the axial propagation constant and write the Helmholtz equation for the
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Figure 3-2: Reciprocal lattices and Brillouin zones for square and triangular lattice
PBG structures. The irreducible Brillouin zones are shown shaded.
system as
∇2⊥ψ (x⊥) =
(
k2z −
ω2
c2
)
ψ (x⊥) . (3.8)
The relevant boundary conditions for the problem are
ψ|S = 0 (TM mode), (3.9)
∂ψ
∂n
∣∣∣∣
S
= 0 (TE mode), (3.10)
where, S denotes the surface of the rods and n is unit vector normal to the surface.
The discrete translational symmetry of the conductivity proﬁle permits us to express
the fundamental solution of the Helmholtz equation in Bloch form so that
ψ (x⊥ +T) = ψ (x⊥) eik⊥·T, (3.11)
where, ψ (x⊥ +T) = ψ (x⊥), k⊥ = kxeˆx + kyeˆy is an arbitrary transverse wave vector
and T is any vector of Tmn.
The periodicity of the exponent in Eqn. (3.11) restricts the possible values of k⊥
to the irreducible Brillouin zones of the reciprocal lattices [149], which for the case
of triangular and square lattices are shown in Fig. 3-2. The three special symmetry
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points for the Γ , X , the J and M points are
Γ : k⊥ = 0
X : k⊥ = 2π√3a eˆy
J : k⊥ = 2π3a
(
eˆx +
√
3eˆy
)


(triangular lattice) (3.12)
Γ : k⊥ = 0
X : k⊥ = πa eˆx
M : k⊥ = πa (eˆx + eˆy)


(square lattice). (3.13)
The technique for the computation of the eigenmodes of Eqn. (3.8) by a ﬁnite-
diﬀerence method is described in detail in [90].
3.1.2 Calculation of Eigenmodes and Band Gaps
Using the PBGSS code [90] we can compute the propagation bands for waves incident
at various angles on the PBG structure for the two diﬀerent kinds of ﬁeld polarizations
namely, the TE and TM modes.
TM Modes
In Fig. 3-3 we show the ﬁrst two propagation bands for the TM modes in triangular
and square lattices. The absence of any k value for a particular frequency value on
the ordinate represents a local band gap (or stop band). This gap is called a local
gap because it is speciﬁc to the angle of incidence of the wave. If a local gap exists
for all values of the incident angle of the wave then the structure is said to have a
global band gap. For frequencies in the global band gap, which will be described
later, the porous PBG structure acts like a perfect reﬂector. However, for regions
outside the band gap the PBG structure reﬂects the electromagnetic wave depending
on the angle of incidence and the frequency.
The interesting propagation characteristics of the lattice lie in the regions of a
global band gap. In Fig. 3-4 the dispersion characteristics for the TM modes are
shown as the k⊥ varies from the center of Brillouin zone (Γ point in Fig. 3-2) to
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(a) The dispersion diagram for an electromagnetic wave propagating in
the y direction with kx = kz = 0 in triangular lattice.
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(b) Dispersion diagram for an electromagnetic wave propagating in the
x direction with ky = kz = 0 in a square lattice.
Figure 3-3: First and second propagating TM modes in triangular and square lattice
PBG structures [90] for r/a = 0.2. The solid and dashes curves represent the ﬁrst
and second propagating modes, respectively.
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Figure 3-4: Plot of several lower TM eigenmodes of the triangular and square lattices
for r/a = 0.2 [90]. Each diﬀerent line represents a propagating mode.
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Figure 3-5: Global band gaps for TM modes in triangular and square lattice PBG
structures [90]. The • represents the operating point of the 17 GHz TM010 -like MIT
accelerator resonator [158].
77
the nearest edge of the Brillouin zone (X point) to the far edge of the Brillouin zone
(M point for the square lattice and J point for the triangular lattice). The rod to
lattice ratio of r/a = 0.2 was chosen for the above plots. It can be seen in Fig.
3-4 that for the square lattice a global band gap exists between the ﬁrst and the
second mode because for certain values of ω, there is no value of k⊥ that lies on the
dispersion curves. On the other hand the ﬁrst and second modes intersect in the
case of a triangular lattice and there is no global band gap between them, however
higher order band gaps are possible. In general for a metal lattice there is a cut-oﬀ
frequency below which there is always a band gap independent of the rod to lattice
(r/a) ratio.
A diagram showing the global band gaps as a function of the rod to lattice ratio
would be very useful for understanding the PBG structure. Such plots for the TM
modes in square and triangular lattices are shown in Fig. 3-5. It is evident that for
TM modes the cut-oﬀ frequency (zero order band gap) exists even for very small rod to
lattice ratio and goes logarithmically to zero as r/a→ 0. This can be simply explained
by the large reﬂection of the electric ﬁeld when it is polarized in the direction of the
rods (TM modes). The dot in Fig. 3-5(a) represents the operating point of a 17 GHz
TM01 cavity designed built and tested at MIT [158]. A brief discussion of this cavity
is presented in Sec. 3.1.3.
TE Modes
In Fig. 3-6 we show the ﬁrst two propagation bands for the TE modes in triangular
and square lattices. Since the ﬁrst mode goes to zero at the Γ point for both trian-
gular and square lattices, in contrast to the TM modes there is no cut-oﬀ frequency
(zero order band gap) for the TE modes, i.e., the lattice is always transparent at lower
frequencies independent of the (r/a) ratio. In Fig. 3-7 the dispersion characteristics
for the TE modes are shown as the k⊥ varies from the center of Brillouin zone (Γ
point in Fig. 3-2) to the nearest edge of the Brillouin zone (X point) to the far edge
of the Brillouin zone (M point for the square lattice and J point for the triangular
lattice). The rod to lattice ratio r/a = 0.2 was chosen for the above plots. It can be
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(a) The dispersion diagram for an electromagnetic wave propagating in
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(b) The dispersion diagram for an electromagnetic wave propagating in
the x direction with ky = kz = 0 in a square lattice.
Figure 3-6: First and second propagating TE modes in triangular and square lattice
PBG structures [90] for r/a = 0.2. The solid and dashes curves represent the ﬁrst
and second propagating modes, respectively.
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Figure 3-7: Plot of several lower TE eigenmodes of the triangular and square lattices
for r/a = 0.2 [90]. Each diﬀerent line represents a propagating mode.
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Figure 3-8: Global band gaps for TE modes in triangular and square lattice PBG
structures [90]. The • represents the operating point of the 140 GHz TE041 -like MIT
gyrotron resonator [155].
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seen in Fig. 3-7 that for r/a = 0.2 there are no global band gaps for TE modes for
either the square or the triangular lattice. This can be contrasted to the case of TM
modes discussed earlier, where the ﬁrst band gap occurs between the ﬁrst and the
second modes for r/a > 0.1 (Fig. 3-5(a)).
We also show the global band gaps for the TE modes in triangular and square
lattices in Fig. 3-8. Three lowest global gaps for the TE modes are shown in Fig.
3-8(a). All the gaps tend to close with increasing r/a except the lowest one, which
occurs for r/a > 0.35. A similar global band gap diagram for the square lattice is
shown in Fig. 3-8(b). In this case the ﬁrst global TE gap occurs for r/a > 0.3. The
dot in Fig. 3-5(a) represents the operating point of the 140 GHz TE041 gyrotron
resonator [155] designed built and tested as part of this work. The detailed design
of the resonator will be presented in Chapter 4.
3.1.3 Design of PBG Resonators
In the previous section we discussed the bulk properties of PBG structures and the
computation of the global TE and TM gaps in 2D metallic structures arranged in
square or triangular lattices. The PBG structures act like an opaque wall for fre-
quencies in the band gap while being partially transparent to other frequencies. This
frequency dependent boundary condition can be utilized in creating a mode selective
resonator, or a frequency selective waveguide. Normal resonators are made of either
metal or dielectrics, whose role in discriminating frequencies is limited to either the
varying skin depth or the relative permittivity and losses with frequency. The global
band gaps in PBG structures provide a new and very powerful parameter for discrim-
inating frequencies in the form of a frequency dependent reﬂection or transmission
from the bulk structure.
If a defect is created in the lattice by the removal of one or more elements one may
trap energy in the defect if the frequency is limited to within the global band gaps of
the structure. The idea of defects in PBG structures is analogous to the creation of
donor or acceptor levels in semiconductors. A mode trapped in the defect, henceforth
referred to as a defect mode is conﬁned completely by the otherwise transparent
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lattice. The complete trapping of an electromagnetic wave such as light in a defect in
a 3D PBG structure has interesting applications only limited by our own imagination.
The basic design methodology of PBG resonator can be summed in the following
steps
1. Usually the mode and the frequency are determined by the nature of the appli-
cation for which the resonator is intended. Depending on the amount of energy
to be stored in the resonator one may choose either a metal or dielectric bulk
PBG structure. The thermal considerations for active devices usually limit the
tolerable ohmic losses in the bulk material of the PBG structure.
2. Depending on the bandwidth over which the resonator or the waveguide oper-
ation is desired, and the tolerable mode density far from the operating mode
one may choose the kind of lattice. This is usually done by looking at the atlas
of global band gaps (either TE or TM or both) for PBG structures made of
diﬀerent kinds of lattices. Such an atlas for TE and TM modes for 2D metallic
PBG structures of triangular and square lattice is shown in Figs. 3-5 and 3-8.
For example, if a higher order TM mode is to be localized in the defect without
the presence of the lower order TM modes then a 2D metallic lattice cannot
be chosen because there always exists a zero order band gap (cut-oﬀ) for TM
modes in metallic lattices as shown in Fig. 3-5. Various kinds of dielectric PBG
structures [149] may be used in this case.
3. Once the lattice vector, a is determined from the choice of the operating fre-
quency and the shape of the lattice the width of the gap determines the r/a
ratio and hence the value of the rod radius. For instance, one can tune the
width of the band gap by changing the r/a ratio as can be seen from Figs. 3-8
and 3-5.
4. Based on the desired geometry of the defect mode (e.g. circular, or square
etc.) and the operating frequency the transverse dimensions of the defect are
determined.
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Figure 3-9: TM010 eigenmode at 17 GHz in a PBG resontator computed using HFSS.
The magnitude of the electric ﬁeld is plotted with the red color as the highest intensity
and blue color as the lowest intensity. The metal rods are shown as hollow because
the electric ﬁelds do not penetrate into them. An iris for the passage of the electron
beam is also shown.
5. Often, while tuning the frequency of the resonant mode, the operating point on
the global gap map might have to be altered.
6. Usually, a ﬁnite element based software such as HFSS [91] or SUPERFISH [161]
is used to ﬁnd the desired eigenmode as well as the neighboring modes in the
circuit.
7. It is vital to thoroughly check the actual mode density in the PBG resonator by
carefully scanning the frequency spectrum for conﬁned modes using simulation
codes such as HFSS. The absence of a TE or TM global gap does not guarantee
the absence of conﬁned modes. This is because a global gap ensures reﬂection
for k vectors in all directions but for some modes with speciﬁc k vector direction
even a local gap is suﬃcient to conﬁne a particular mode.
Examples of PBG Resonators
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17 GHz TM010 Mode PBG Resonator for Accelerator Applications This
PBG resonator was built at MIT for demonstrating its potential for use in a linear
accelerator structure [158]. Linear accelerator structures use a disc loaded waveguide
or alternatively a stack of TM010 cavities coupled through a small iris which also serves
as the beam tunnel [162]. The TM010 mode is the operating mode of each resonator
and the longitudinal electric ﬁeld of the mode accelerates the beam. However, other
dipole modes such as the TM110 are also trapped in the resonator. The wakeﬁelds
generated by a leading electron bunch couple to the parasitic modes in the resonator
and tend to either decelerate or even impart a transverse kick to the trailing electron
bunch. Hence, it is clearly desirable to have a resonator which conﬁnes the TM010
operating mode perfectly while suppressing the other parasitic modes to mitigate
the problems of higher order modes and transverse wakeﬁelds. Shapiro et al. [158]
designed built and tested a 17 GHz TM010 mode to demonstrate these features. The
operating point of the resonator on the band gap map is shown as a • in Fig. 3-5(a).
The resonator is made of a triangular lattice of metal rods of radius 0.79 mm and
a lattice vector of 6.4 mm. A single rod is removed from the center to allow the
conﬁnement of a TM010 mode as shown in Fig. 3-9.
140 GHz TE041like Mode PBG Resonator for a Gyrotron This PBG res-
onator was built for use in a gyrotron oscillator. To our knowledge this the ﬁrst ever
PBG resonator built for use in a VED. A detailed discussion on the design and this
resonator is presented in Chapter 5. The resonator is made of a triangular lattice
of copper rods of radius 1.59 mm and the lattice vector is 2.03 mm. Nineteen inner
most rods were omitted to create a large defect to allow a TE041 mode to be resonant
at 139.80 GHz in the resonator. The operating point of the resonator on the band
gap map is shown as a • in Fig. 3-8(a) and the conﬁned eigenmode is shown in Fig.
5-3 on page 114.
140 GHz TE041 Mode Cavity for Gyroklystrons In gyroklystrons, resonators
with a low Q factor are desired to minimize the possibility of self excitation of gyrotron
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(a) Hybrid PBG resonator with the third row surrounding the defect made
of dielectric rods while the other rods are metallic. The Q factor of the
resonator is 854 and the resonant frequency is 139.33 GHz.
(b) Hybrid PBG resonator with the second row surrounding the defect
made of dielectric rods while the other rods are metallic. The Q factor of
the resonator is 176 and the resonant frequency is 139.50 GHz.
Figure 3-10: Hybrid PBG resonators with low Q factors for potential use in gy-
roklystron applications. The dielectric rods have r = 12.27 and tan(δ) = 0.3. The Q
factor can be controlled by the location of the dielectric rods and their loss tangent.
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oscillations. The theoretically predicted Q factor for an all metal PBG resonator as
the one employed in the PBG gyrotron is 13,500 which is too high a value to prevent
self excitation. One can control the Q of the PBG resonator by a sort of dielectric
loading by replacing one or more of the metal rods with dielectric rods. The location
of the rods and the loss tangent of the material used can be used to control the Q over
a wide range. We show a simple example of how the all metal PBG gyrotron cavity
with a Q of 13,500 can be modiﬁed by building a hybrid lattice of metal and dielectric
element. The closer the lossy dielectric rods are to the defect the lower the Q factor
of the mode. One of the advantages of this kind of dielectric loading compared to the
conventional dielectric loading of fundamental or very low order cylindrical resonators
commonly used in gyroklystrons is that the dielectric is farther from the center of the
defect which would contain an electron beam in a VED. Typically, the presence of
the electron beam leads to the charging of the dielectric which generate additional
space charge forces and can lead to the disruption in electron beam propagation.
In the dielectric loading scheme proposed for the PBG structures the dielectric is
farther from the beam and most importantly is behind at least one row of metal rods
shielding the dielectric from the electron beam. Such a scheme would minimize the
problems with dielectric charging as well as reduce the thermal load on the dielectric
rods. Besides, being an overmoded resonator the thermal load is deﬁnitely lower
than that of a fundamental or lower order mode resonator. Another advantage of the
PBG resonator in a gyroklystron is the ability to extract power from the transverse
direction by removing one or more rods. The transverse extraction of power will prove
to be useful say, for sub-millimeter wave gyroklystrons with long cavities which can
have limited extraction eﬃciency due to a very high axial diﬀractive Q as explained
later in Chapter 5.
3.2 Quasioptical Open Waveguide Structures
The key to mode selectivity in waveguides and resonators is the introduction of some
parameter which discriminates frequencies, e.g. in the case of PBG structures it was
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the frequency dependence of reﬂection from the waveguide walls. In this section we
consider a class of structures in which the diﬀraction losses can be used to improve the
mode selectivity. To use diﬀraction as a parameter we use open waveguide structures.
Open waveguide structures have some part of the transverse boundary as an aperture
for radiation. The size of the aperture, if very small can be treated as merely a
perturbation to the existing mode of the original structure. For example, the use of
longitudinal slots on a cylindrical or rectangular waveguide at speciﬁc positions to
impart higher losses for the undesired modes is well known [163]. However, the most
interesting properties of the waveguide come forth when the aperture is large enough
to signiﬁcantly alter the mode pattern of the original structure.
At the outset it is worthwhile to look at the advantages of quasioptical structures
in conﬁnement and propagation of electromagnetic waves. In the limit that the
wavelength λ→ 0, the propagation of electromagnetic waves can be represented as a
directed bundle of radiation and all the familiar techniques such as ray tracing can be
used to study the propagation of electromagnetic waves. This is called the geometric
optical limit and requires the dimensions of all the elements such as mirrors, lenses
etc. to be much larger than the wavelength of the radiation under consideration.
In the other limit, if the wavelength is of the order of the structure dimensions
then diﬀraction eﬀects are dominant and the distribution of radiation from a source
changes with the distance from the source. Familiar examples of this include the
near ﬁeld radiation of an antenna. The treatment of these problems usually leads to
invoking the solution to Maxwell’s equations in full rigor.
Quasioptics is the vast middle ground between geometric optics and diﬀraction
dominated propagation. In this regime the dimensions of the system elements are
larger than the wavelength, but the diﬀraction eﬀects are still important. Qua-
sioptical techniques of wave propagation are very important in the millimeter and
sub-millimeter wave regime because the wavelength in this region of the spectrum
is still not small enough for the system components to be large enough to use geo-
metrical optics techniques, nor are the propagation losses in single mode waveguides
small enough to use standard microwave techniques. Propagation in free space by
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quasioptical techniques has a lot of advantages, including lower losses and simpler
and elegant system design. The theoretical attenuation in a TE10 fundamental mode
rectangular waveguide (WR-4) at 250 GHz is approximately 12 dB/m, whereas with
a quasioptical transmission line with a series of Teﬂon lenses an attenuation of 1.5
dB/m has been demonstrated [164]. Another advantage of quasioptical systems is in
spatial combining of power which is very useful for building a high power system with
low power component modules.
3.2.1 Fundamentals of Gaussian Beam Propagation
In this section we review the fundamental concepts about Gaussian beam propagation
which is the backbone of quasioptics. In the quasioptical limit the Helmholtz wave
equation can be easily reduced to the paraxial wave equation, which in cylindrical
coordinates can be expressed as [165]
∂2u
∂r2
+
1
r
∂u
∂r
+
1
r
∂2u
∂ϕ2
+ 2ik
∂u
∂z
= 0, (3.14)
where, u = u (r, ϕ, z) is a complex function that deﬁnes the non-plane wave part of
the beam and is deﬁned as
E (r, ψ, z) = u (r, ψ, z) exp (ikz) , (3.15)
in which E is the electric ﬁeld, z is the direction of propagation of the beam, and k
is the free space propagation constant. For the case of axial symmetry, where u is
independent of ϕ, one can write the solutions of Eqn. (3.14) in the form
u (r, z) = A (z) exp
[
i
kr2
2q (z)
]
, (3.16)
where A and q are z dependent complex functions. Substituting Eqn. (3.16) into
Eqn. (3.14) we obtain the following relationships
∂q
∂z
= 1, (3.17)
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and
∂A
∂z
= −A
q
. (3.18)
Without loss of generality we assume the initial position z0 = 0, and using Eqn.
(3.17) we deﬁne the complex beam parameter q(z) = q(0) + z. in the following form
1
q
=
(
1
q
)
r
+ i
(
1
q
)
i
. (3.19)
Substituting the above equation into Eqn. (3.16) we can identify
(
1
q
)
r
to be the
radius of curvature, R of the beam. To cast Eqn. (3.16) into the form of a Gaussian
distribution we take (
1
q
)
i
=
2
kw2 (z)
=
λ
πw2
, (3.20)
and thus deﬁne the beam radius w as the distance where the value of the ﬁeld falls
to 1/e of its value at the axis. With these deﬁnitions we can express the complex
beam parameter as
1
q
=
1
R
+ i
λ
πw2
, (3.21)
where both R and w are functions of z. Deﬁning the minimum beam radius to be
the beam waist, w0 which in our case occurs at z0 = 0. The propagation of the
quasioptical Gaussian beam can now be expressed in just the following couple of
equations
R = z +
1
z
(
πw20
λ
)2
, (3.22)
w = w0
√
1 +
(
λz
πw20
)2
. (3.23)
From the above equations we see that at the location of the beam waist the radius
of curvature is inﬁnite, which means that it is a plane wave front. Another very
important parameter for a Gaussian beam is the confocal distance πw20/λ, sometimes
also called as the Raleigh range. The region z  πw20/λ is called the near ﬁeld
region and z  πw20/λ corresponds to the far ﬁeld region of the Gaussian beam.
In the near ﬁeld region the beam radius is essentially unchanged from its value at
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Figure 3-11: An isometric view of an open waveguide. If Lt = rc then the mirrors are
confocal and the system is called a confocal waveguide. The aperture of the mirrors
is 2a.
the beam waist where as in the far ﬁeld region w varies hyperbolically with z. Thus
the confocal distance determines the transition point after which the beam radius
diverges signiﬁcantly.
3.2.2 Confocal Waveguide
In the previous section we saw that a Gaussian beam is a solution of the paraxial
wave equation and it is fundamentally diﬀerent from a plane wave as it has a ﬁnite
transverse variation and from a geometric optics beam originating from a point source
in that its origin (the beam waist) has a ﬁnite size. In the quasioptical limit diﬀraction
has an important role however, the problem need not be deﬁned entirely in terms of
vector equations governing diﬀraction.
In this section we explore a quasioptical open wave guide, namely the confocal
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guide. We consider a pair of identical mirrors as shown in Fig. 3-11 with a ﬁnite
aperture, 2a and radius of curvature, rc separated by a distance equal to the radii
of curvature of the mirrors, hence the name confocal mirrors. It is evident that
a Gaussian beam can propagate along the mirrors by bouncing between the two
mirrors.
Eigenmodes of a Confocal Waveguide
In this section we derive some simple equations for the ﬁeld pattern of the bouncing
waves by using quasioptical techniques. We choose a more general problem where the
mirrors have an identical radius of curvature rc, and are separated by a distance of
Lt (the subscript t stands for the transverse direction, which we have chosen to be
the y direction). We consider the eigenmodes of the structure as a super-position of
two Gaussian beams in which
(
Ex
Hz
)
∼ exp
[
−iky − 1
2
x2
w2 (y)
− i1
2
kx2
R (y)
+ i
1
2
arctan
y
kw20
]
, (3.24)
where w0 is the Gaussian beam waist size at y = 0, w (y) is the beam radius and
R (y) is the radius of curvature of the Gaussian beam. Using Eqns. (3.22 and 3.23)
we obtain the following equations for a Gaussian beam propagating in the y direction
w (y) = w0
[
1 +
(
y
kw20
)2]1/2
(3.25)
R (y) = y
[
1 +
(
kw20
y
)2]
. (3.26)
On the surface of the top mirror (y = Lt/2), the radius of curvature of the beam must
equal the curvature radius of the mirror and hence satisﬁes
rc =
Lt
2
[
1 +
(
kw20
Lt/2
)2]
, (3.27)
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thus determining the beam waist size, w0 as
w20 =
Lt
2k
√
2rc − Lt
Lt
. (3.28)
The beam radius at the surface of the mirror is given by
w
(
Lt
2
)
= w0
√
1 +
(
Lt
2kw20
)2
=
(
Lt
2rc − Lt
)1/4√
rc
k
. (3.29)
The resonance condition for the mode needs the round trip phase shift to be equal to
an integral number of wavelength. This condition can be expressed as
ktLt − arctan Lt√
2rcLt − L2t
= nπ, (3.30)
where n is an integer for the mode index representing the number of nulls of the axial
magnetic ﬁeld along Lt. Such modes are denoted as HE0n modes. The subscript 0
indicates zero nulls of the magnetic ﬁeld along the surface of the mirror (x direction).
In general, for a suﬃciently large mirror aperture, modes with two or three nulls
of the axial magnetic ﬁeld in the x-direction may exist. Such modes with m nulls of
the axial magnetic ﬁeld in the x direction and n nulls in the y direction are designated
as HEmn modes. A few eigenmodes of the confocal waveguide computed by HFSS
are shown in Fig. 3-12. In the Fig. 3-12 the magnitude of the electric ﬁeld is plotted
instead of the axial magnetic ﬁeld because in our case the electron beam location in
a VED is determined directly by the location of the maxima of the electric ﬁeld. The
real part of the transverse propagation constant for HEmn modes for (n > 4) can be
expressed by the following asymptotic equation [87]
ktr =
π
rc
(
n +
1
2
m +
1
4
)
. (3.31)
Before discussing the diﬀraction losses in confocal mirrors it is expedient to deﬁne
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Figure 3-12: Eigenmodes of a confocal waveguide computed using HFSS. The mag-
nitude of the electric ﬁeld is shown in the plots.
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the Fresnel parameter which governs the degree of diﬀraction as
CF =
ktra
2
rc
.
The diﬀraction losses from the aperture in the confocal mirrors introduces an imag-
inary part kti to the transverse propagation constant, kt
(
=
√
k2tr + k
2
ti
)
. Boyd and
Gordon [166] have studied the diﬀraction losses from a confocal resonator and have
obtained the following expression for the imaginary part of the propagation constant
kti =
1
rc
ln
[√
π
2CF
1
R
(1)
0m (CF , 1)
]
(3.32)
where R
(1)
0m (C, 1) is the radial wave function in prolate spheroidal coordinates. A
table of the spheroidal wave functions can be found in [167]. The results calculated
from the above formula are shown in Fig. 3-13 where quadratic ﬁts to the results are
also presented. The parameter Λ, is the transverse diﬀraction loss across the edge of
the mirror and is deﬁned as
Λ = 2ktiL. (3.33)
Another technique for the analysis of a confocal waveguide by spectral theory has
been discussed by Shestapalov [168]. A comparison of the results from the spectral
theory by Shestopalov [168] and the Boyd and Gordon approach [166] are presented
in Table 3.1.
We see a good agreement between the results for the real part of the propagation
constant, ktr and the diﬀerence falls rapidly for n > 4 and is less than 0.2% for n = 5.
However, the Boyd and Gordon [166] approach predicts lower diﬀraction losses than
those presented by Shestopalov [168]. We also computed the diﬀraction losses for the
HE06 mode using HFSS and the results were more closer to the results of Boyd and
Gordon. The comparison of the results from Boyd and Gordon (Eqn. (3.32)) and
Shestopalov [168] are shown in Table 3.1. Our studies based on HFSS simulation
results indicate that the Boyd and Gordon formula is accurate and the Shestopalov
theory is signiﬁcantly less accurate.
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m = 1
m = 2
Fit for m = 0: log10(Λ) = −0.0069C2F − 0.7088CF + 0.5443
Fit for m = 1: log10(Λ) = −0.0226C2F − 0.4439CF + 1.0820
Fit for m = 2: log10(Λ) = −0.0363C2F − 0.1517CF + 1.0075
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Figure 3-13: Variation of the diﬀraction losses in a confocal waveguide with the
Fresnel parameter.
Mode Shestopalov[168] Boyd and Gordon[166]
HE02 6.9948 + i 3.7385 ·10−2 7.0686 + i 1.5864·10−2
HE12 8.6431 + i 0.2339 8.6394 + i 2.5976
HE03 10.142 + i 6.0803 · 10−4 10.2102 + i 1.8097·10−3
HE13 11.757 + i 4.1188 · 10−3 11.7810 + i 1.6264·10−2
HE04 13.294 + i 7.9296 · 10−4 13.3518 + i 1.9649·10−4
HE14 16.894 + i 8.5723 · 10−2 14.9223 + i 2.2863·10−3
HE05 16.450 +i 5.3688 · 10−4 16.4934 + i 2.1122·10−5
HE15 18.064 + i 2.7322·10−4
HE06 19.6350 + i 1.9973·10−6
HE16 21.2058 + i 2.7790·10−5
Table 3.1: Comparision of the normalized propagation constant, rc (ktr + ikti) for
HEmn modes predicted by Shestopalov [168] and Boyd & Gordon [166].
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Field Expressions for a Confocal Waveguide
The scalar eigenfunction Ψ, from which the ﬁelds in the waveguide for HE0n can be
calculated using Eqns. (2.44 – 2.49) and can be expressed as
Ψ =
√
w0
w (y)
exp
[
− x
2
2w2 (y)
− i ktrx
2
2R (y)
]
f (y) , (3.34)
where w (y) and R (y) are deﬁned in Eqns. (3.25 – 3.26)and
f (y) = sin
(
ktry − 1
2
arctan
2y
rc
)
, n = 3, 5, 7... (3.35)
= cos
(
ktry − 1
2
arctan
2y
rc
)
, n = 2, 4, 6... (3.36)
3.2.3 Design of Mode Selective Confocal Structures
The key to the design of mode selective confocal structures lies in the eﬀective use
of diﬀraction losses to suppress the parasitic modes. In general from Fig. 3-13 it
is evident that the modes with m > 0 have higher losses than the m = 0 modes
due to the ﬁnite aperture of the mirrors. Typically, the operating mode is chosen
based on the constraints on the size of the resonator, the radial location of the ﬁeld
maxima (for coupling to an electron beam) and the tolerable ohmic losses for the
operating frequency and power level. The mirror aperture can thus be chosen to be a
bare minimum to ensure the highest contrast in the diﬀraction loss of the operating
mode with the neighboring lower order modes (with same m and lower n) and the
modes with same n and higher m while limiting the diﬀraction losses in the operating
mode to a manageable level. It is evident that higher order modes (larger n) have
a narrower beam radius and hence lower diﬀraction losses than the operating mode.
Typically, competition from higher frequency modes in a waveguide with a sparse
mode population does not prove to be a serious problem. This is because of the wider
mode separation, the interaction of the operating beam cyclotron harmonic mode
with neighboring modes is ruled out and the interaction of any higher waveguide
97
mode with a higher beam cyclotron harmonic is usually much weaker.
3.3 Discussion
In this chapter we have discussed the theory of two kinds of novel mode selective
interaction structures, namely, PBG structures and quasioptical open waveguides
(speciﬁcally confocal waveguides). While the PBG structures rely on the presence
of propagation band gaps in the bulk lattice for discriminating modes with diﬀerent
frequencies, the confocal waveguide relies on diﬀraction from the open edge of the
waveguide to suppress unwanted modes. While PBG structures can conﬁne a higher
order mode within a speciﬁc band of frequencies (the band gap) while being heavily
lossy for other frequencies which fall outside the band gap, the confocal waveguide
favors higher order modes and frequencies because the higher order modes (larger
n) have a smaller beam radius at the surface of the mirrors than the lower order
modes and hence suﬀer lower diﬀraction losses. This makes the confocal waveguide
suitable for high harmonic cyclotron masers which rely on the interaction of a higher
order waveguide mode with a harmonic of the beam cyclotron mode. Such harmonic
interaction needs strong suppression of the fundamental interaction with a lower or-
der waveguide or resonator mode. The design of such a second harmonic gyrotron
oscillator is described in Chapter 6.
While both kinds of structures provide electromagnetic mode selectivity, their
application in VEDs requires consideration of other vital issues such as the symmetry
of the ﬁelds, the suitability of the placement of an electron beam at the ﬁeld maxima,
thermal capability, ease of fabrication and so forth. The confocal waveguide is much
easier to fabricate compared to its PBG counterpart. The simplicity in fabrication
yields a big payoﬀ for cooling the structure for high power operation. This is a
particularly important requirement for high average power VEDs such as a W-band
ampliﬁer whose average power exceeds 10 kW. Another advantage of the confocal
waveguide is its mechanical tunability by simply altering the separation of the mirrors,
which alters the transverse propagation constant. This feature can be very useful in
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building a tunable microwave source or ampliﬁer. The use of quasioptical modes in a
confocal waveguide makes it more suitable for the extraction of power from a confocal
waveguide or a resonator by quasioptical techniques for the formation of a Gaussian
beam for either free space propagation or coupling to the HE11 mode of a corrugated
waveguide for ultra low loss transmission [169].
PBG structures have some diﬀerent advantages and drawbacks compared to the
confocal waveguide. The ﬁelds inside a PBG structure are symmetric (far from the
walls in the center of the defect) thus the mode in a cylindrical PBG structure is very
similar to that of a conventional cylindrical guide and would couple well to an hollow
annular electron beam which is used in most gyrotrons. Since the confocal structures
have an asymmetric ﬁeld proﬁle, the coupling is weaker, furthermore the weakness or
the absence of any ﬁelds near the aperture reduces the eﬃciency of energy extraction
from the electron beam. PBG structures are equally eﬀective in the conﬁnement of
TM modes (electric ﬁeld along the axis of the rods) as well the TE modes, a property
that can be used to build higher order mode conventional slow wave devices such
as TWTs which operate in TM modes. Confocal structures are not as eﬀective for
controlled diﬀraction of the TM modes. Another advantage of PBG structures is the
possibility of power extraction from the transverse side of the resonator. This property
would be a tremendous beneﬁt in millimeter and sub-millimeter wave gyrotrons and
has been discussed in Chapter 5.
We close this chapter with the following general comment about the application
of PBG and quasioptical structures in VEDs. Quasioptical structures should be
preferred for high power operation and frequencies up to 200 GHz in fast-wave devices.
Confocal structures have unique advantages if mechanical tuning is a desired option.
PBG structures would be more suitable from 30 GHz and above and at low average
powers and moderate peak power. PBG structures can be used in both fast and slow
wave devices.
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Chapter 4
Experimental Setup and
Diagnostics
In this chapter we describe the gyrotron test stand and the diagnostics that were used
in all the experiments during the course of this work. A dedicated gyrotron test stand
with a 6.5 T capable superconducting magnet was available for all the experiments
described in this work. The main parts of the test stand and the diagnostic systems
are discussed below.
4.1 High Voltage Modulator
The high voltage system used in the experiments is capable of up to 250 kV and 100
A operation in 3 µs pulses at up to 6 Hz repetition rate. The modulator consists of
four main parts namely, a 0-30 kV, 0-300 mA constant current DC power supply, a
pulse forming network (PFN), a thyratron switch and a step-up transformer. The
constant current DC power supply charges up the capacitor banks in the PFN to a
particular voltage and then the capacitors banks are discharged through the primary
of the high voltage step-up transformer through a thyratron switch. The secondary
of the high voltage transformer has a resistive load chain which is usually matched to
the impedance of the gun (V0/I0). In the case of the present experiment a resistive
load of 1225 Ω was connected to the secondary of the transformer. The high voltage
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transformer is immersed in an oil bath which serves as an insulator. The cathode
voltage is measured by a capacitive-resistive divider installed in the modulator oil
tank. The latest calibration of the probe indicated a multiplication factor of 10.836
kV/V.
The body and the collector of the tube is grounded and the required negative
potential, typically -60 to - 80 kV in this experiment is applied to the cathode from
the secondary of the high voltage transformer. The electron gun used in the present
experiments is a triode gun in which the cathode is maintained typically at -70 kV
while the ﬁrst anode is grounded and the second anode, also referred to as the mod
anode is maintained at -60 to -55 kV. A higher diﬀerence between the cathode and
the mod anode increases the velocity pitch factor of the beam by increasing the local
transverse electric ﬁeld at the cathode. Typically a set of resistive taps are provided
on the resistive load at the secondary of the high voltage transformer to generate the
mod anode voltage as a ratio of the cathode voltage. By changing the position of the
taps one can control the mod anode voltage. This scheme is very simple and does not
require a second power supply, transformer, PFN and a thyratron switch to generate
the mod anode voltage, however it has several disadvantages. The control of the mod
anode voltage is coarse due to the ﬁnite value of the resistive taps on the load on
the transformer. Typically, for the settings in this experiment it is 10 steps of 0.5 %
of the cathode voltage in each step. Secondly, the ratio of the cathode to the mod
anode voltage is always ﬁxed and this results in very high values of α at lower cathode
voltages, which typically happens during the ramp up and ramp down of the voltage
pulse. This local value of α is much higher than its quiescent value (used in the design
of the interaction structure) at the ﬂat top of the voltage and hence excites spurious
oscillations at the start and end of the pulse. The power in the spurious modes show
up as ‘rabbit ears’ sandwiching the design mode oscillation or ampliﬁed signal in the
output signal. This eﬀect is evident in the ampliﬁer experiment and will be explained
in detail in Chapter 7.
We tried to install a second smaller transformer in the same high voltage trans-
former tank with its own dedicated power supply and a thyratron switch to indepen-
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dently control the mod anode voltage. Such a system would allow the ﬁne tuning of
the mod anode voltage and independent timing of the mod anode voltage pulse with
respect to the cathode voltage pulse to prevent the high α regime during the start
and end of the voltage pulse. Though the system worked in principle, there was a
lot of interference between the cathode and the mod anode voltage pulses. This was
due to the small size of the modulator tank which housed both the transformers close
to each other. This system was abandoned and we returned to the old system with
ﬁxed taps for generating the mod anode voltage as a ratio of the cathode voltage. In
future, it may be worthwhile to have a separate oil tank to house the mod anode step-
up transformer to minimize the interference of the cathode and mod anode voltage
pulses.
4.2 Superconducting Magnet
A 6.5 Tesla capable superconducting magnet was used in all the experiments con-
ducted as part of this work. The operating magnetic ﬁeld of about 5.4 T is typically
necessary for gyrotron operation at 140 GHz. The magnet has two sets of coils that
can be independently charged. The ﬁeld homogeneity is better than 0.5 % over 5.0
cm and 1 % over 6.5 cm. The ratio of the magnetic ﬁeld to the current in the coils
when both coils are energized serially is 0.07614 Tesla/Ampere. The charging and
discharging rate of the magnet is typically limited to below 0.065 Ampere/second.
4.3 Frequency System
A heterodyne receiver system is used as a frequency counter for the gyrotron exper-
iments. A block diagram of the system is shown in Fig. 4-1. It consists of WR6
(110-170 GHz) double ended mixer (Hughes, Model No. 47448H-1002) to mix the
incoming high frequency gyrotron signal with a harmonic of the tunable Local Os-
cillator (LO) signal. The LO in our set up is an 8-18 GHz YIG oscillator whose
frequency can be counted with a precision of up to a few Hz using a microwave fre-
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Gyrotron Signal
Level Set Attenuator
Harmonic Mixer
IF Ampliﬁer and Filters
FFT Oscilloscope
Tunable YIG Local Oscillator
Figure 4-1: Block diagram of the frequency measurement system used in the experi-
ments.
quency counter. The mixer output is ﬁltered and ampliﬁed by a chain of ﬁlters and
low noise solid-state ampliﬁers in the 0-500 MHz IF band. A Fast Fourier Transform
(FFT) capable oscilloscope (Textronix DS400, 500 MHz bandwidth) is used to com-
pute in real time the FFT of the IF signal. The local oscillator frequency is tuned
such that one of its harmonic produces a baseband signal in the 0-500 MHz IF range.
The peak in the IF signal is detected in real time by the FFT and the LO is tuned
such that the peak lines up at 300 MHz. Such a case would correspond to
fgyro = nfLO ± 0.3 GHz, (4.1)
where fgyro is the unknown gyrotron frequency in GHz, fLO is the known LO frequency
in GHz and n is the unknown harmonic number. The ambiguity in the measurement
of the gyrotron frequency due to n can be removed by choosing two LO frequencies
such that
fgyro = nfLOlower + 0.3 GHz, (4.2)
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and
fgyro = nfLOupper − 0.3 GHz. (4.3)
Now n can be uniquely determined by taking the diﬀerence of the above two equations
to get
n =
0.6
fLOupper − fLOlower
. (4.4)
Typically, in the present experiments n = 10 harmonic was used for measuring fre-
quencies around 140 GHz. The use of higher harmonics enables the measurement of
very high frequencies, however, the mixer signal amplitude falls rather dramatically
for n > 18. Using this system frequencies up to 300 GHz have been measured in other
experiments at MIT. This system can also be used for detecting very weak emission
in parasitic modes which cannot be detected by a calorimeter or a video detector.
The system is also very useful during measurement of the start oscillation current of
various gyrotron modes.
4.4 Calorimeters
Dry calorimetry was employed during the course of the experiments described in this
work to measure the output power. The biggest advantage of using dry calorimeters
is their simplicity and quick response time. A number of such dry calorimeters which
were originally meant for measuring the power of optical lasers were modiﬁed at MIT
to suit the power measurement at millimeter wave frequencies. A detailed description
of this technique is presented in [47]. In this section we outline the method used to
modify one of the existing 10 cm diameter calorimeter by Kreischer et al. [47]. Also,
the procedure and the results of the modiﬁcation of another calorimeter during the
course of this work will be described.
Power measurements are usually performed by keeping the calorimeter at least 5
cm from the window and inclining it an angle to prevent the reﬂected power from
reentering the gyrotron experiment. A WR8 (90-140 GHz) or a WR6 (110-170 GHz)
video detector diode is used to monitor the reﬂected signal to test the integrity of the
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mode and its pulse shape is used to determine the peak power. The calorimeter was
usually placed as far away from the window as possible to minimize the reﬂected power
from directly entering the gyrotron while ensuring that all the power is collected by the
calorimeter. In the course of experiments in this work the distance was never greater
than 8-10 cm. Furthermore, a box made of Echosorb (microwave absorber from
Emerson Cummings Inc.) was used to cover the calorimeter to prevent the air drafts
from interfering with the readings. The Echosorb box also minimizes stray reﬂections
from the gyrotron tube. The power recorded by the calorimeter is corrected for the
ﬁnite amount of reﬂection from the surface of the calorimeter. The determination of
the reﬂection coeﬃcient is described below for two diﬀerent calorimeters.
4.4.1 Analog, Scientech Inc., Calorimeter
A Scientech Inc., Model 36-0401 (Serial No. 477) calorimeter was modiﬁed by Kreis-
cher et al. [47] at MIT for use in the 140 GHz gyrotron experiments. The original
calorimeter consists of a 10 cm diameter aluminum plate painted with an absorbing
layer of 3M Nextel paint calibrated at 1094 nm. The aluminum plate has several ther-
moelectric elements attached underneath the absorbing surface which determine the
temperature rise. The power absorbed is determined from an analog meter connected
to the thermocouple array. The original absorbing layer is quite reﬂective at 140 GHz
and reﬂects power back into the gyrotron and alters the operation of the gyrotron.
So the calorimeter was modiﬁed by Kreischer et al. [47] by applying a uniform layer
of 3M Nextel paint approximately 0.3 mm thick. They measured an absorption of
85 % at 140 GHz by this method. It was pointed out that applying an additional
0.3 mm thick layer of 3M Nextel paint signiﬁcantly improved the absorption at 140
GHz (λ = 2.14 mm). The application of too thick a layer of paint while increasing
the absorption slows down the response time of the calorimeter. A variety of tests
were done to calibrate the calorimeter and check the accuracy of the measurements.
This included using the resistive heater at the backend of the calorimeter to check its
calibration by applying a known amount of power on the plate. A second test was
performed by using a calibrated 10 µ laser to measure the uniformity of absorption
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across the surface of the calorimeter and it was determined that the uniformity of ab-
sorption was better than 1 %. A dispersive Fourier transform spectrometer was used
to measure the dependence of the absorption on frequency and it was found that the
reﬂectivity was less than 15 % in the 130–180 GHz range. The same measurement
was also performed with a 10 mW IMPATT diode source available at MIT in the
range of 135–143 GHz.
4.4.2 Digital, Scientech Inc., Calorimeter
A new calorimeter Scientech Inc., Model 36-0401 (Serial No. 5085) with an Interface
Module 10748 (Serial No. 1037) and a digital indicator S310D (Serial No. 1412)
was acquired during the course of this work and modiﬁed. Since Nextel 3M paint
is no longer available, Krylon Ultra-Flat Black paint was used as a substitute and
was found to be as good as the Nextel paint. About 15 coats were applied slowly
to bring down the reﬂection coeﬃcient to about 16 % at 139 GHz, without slowing
the response of the calorimeter. The reﬂection from the calorimeter was measured by
checking the strength of the signal reﬂected from the calorimeter against the reﬂection
from a ﬂat aluminum plate by using a WR8 video detector. The power reading from
this calorimeter agreed very well with the analog calorimeter described in the previous
section. The uniformity of absorption at 9 points on a 3×3 array on the absorbing face
of the calorimeter was measured by directing the power (∼ 100 W) from a 140 GHz
Extended Interaction Klystron (EIK) by a small horn onto the speciﬁc regions. The
uniformity of absorption was found to be better than 4 %. The change in reﬂection
coeﬃcient and absorption with frequency was not measured.
4.5 Beam Velocity Pitch Probe
In gyrotrons the transverse energy in the electron beam resides in the form of the
gyrating of the electrons around the axial magnetic ﬁeld. The beam also has longi-
tudinal energy which allows it to drift through the interaction structure however, it
is the transverse energy that is extracted in the CRM interaction. Hence, it is vital
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Figure 4-2: Longitudinal cross-section of the probe for measuring the beam velocity
pitch factor, α.
to know the amount of transverse energy in the beam. The ratio of the transverse to
longitudinal velocity is called the beam velocity pitch factor, α (= vt/vz) . The total
energy of the beam can be directly found by the applied accelerating voltage, V0.
Using a capacitive probe around the beam one can estimate the axial energy in the
beam and as a result infer the transverse energy and estimate the pitch factor, α. This
technique is described in [170]. A cross-section of the capacitive probe used in the
present experiments is shown in Fig. 4-2. The inner and outer cylindrical electrodes
are separated by a piece ring of Macor, a machinable ceramic. We brieﬂy outline the
theory of the probe for the case of the inner electrode being ﬂat rather than tapered.
The electrode is tapered in the experiment to prevent it from acting like a resonator
which increases the susceptibility of the beam to parasitic oscillations. The probe
is usually located just before the interaction structure to measure the α value. The
principle of operation of the probe is rather straightforward. The drifting electron
beam induces a potential on the inner electrode due to the radial electric ﬁeld in the
electron beam. For a beam with a constant axial charge density using Gauss’s law
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one can easily show the induced potential on the inner electrode (probe) to be
Vprobe =
eλe
2πε0
ln
(
rb
rprobe
)
=
eλe
Cprobe
, (4.5)
where, λe is the electron density per unit length, rb and rprobe are radii of the electron
beam and the inner electrode respectively, and Cprobe is deﬁned to be the capacitance
of the probe. Relating the beam current to the electron density per unit length and
the average longitudinal beam velocity as
I0 = eλe 〈vz〉 , (4.6)
one may obtain the average longitudinal velocity 〈vz〉 as
〈vz〉 = I0
ViCprobe
. (4.7)
Once 〈vz〉 is determined one may calculate the voltage depression in electron beam
due to space charge as [171]
Vdep =
1
4πε0
I0
〈vz〉
[
2 ln
(
rw
rb,out
)
+
{
1− 2r
2
b,in
∆rb (rb,out + rb,in)
}
ln
(
rb,out
rb,in
)]
, (4.8)
where rb,in, rb,out, ∆rb (= rb,out − rb,in) are the inner, outer and the thickness of the
electron beam, respectively, and rw is the radius of the wall of the resonator. Now,
the value of the beam velocity pitch factor can be calculated in the following steps
γ = 1 +
e (V0 − Vdep)
me0c2
, (4.9)
vt = c
√
1− 1
γ2
−
(vz
c
)2
, (4.10)
α =
vt
vz
. (4.11)
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The geometry of the actual probe in the experiment is diﬀerent from the one assumed
in this simple analysis and hence even though it is possible to ﬁnd an analytic expres-
sion for the value of Cprobe it is usually easier and more accurate to measure its value
in-situ. This is done by recording the voltage induced at the probe when almost all
of the energy in the electron beam is in the longitudinal direction. Such a scenario is
possible when the voltage on the second anode in the gun, also called the mod anode
is very low (reduces transverse electric ﬁeld at the cathode) and the magnetic ﬁeld at
the cathode is very high (reduces beam compression and hence α). One can record
the voltage induced on the probe for a given beam current under conditions of α ≈ 0
and thus determine the constant Cprobe and calibrate the probe.
This method of measurement of the beam velocity pitch factor, α is very reliable
and yields results consistent with EGUN simulations. After extensive studies on the
α probe in [170] it was pointed out that in addition to the calibration uncertainty,
error in beam voltage and current measurements, the total error in the measurement
of α is about 10% for α ≥ 2 and increases to about 20% for α = 1.
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Chapter 5
Photonic Band Gap Gyrotron
Oscillator
In the previous chapter we discussed the challenges of building millimeter and sub-
millimeter wave VEDs due to the rapid miniaturization of the circuit dimensions
with the operating wavelength. Fundamental mode operation, where the transverse
dimensions of the resonator are smaller than the wavelength is well suited below 30
GHz, however for higher frequency (>100 GHz) devices operation in fundamental
mode is inevitably ruled out due to the following reasons. The ohmic losses due to
the ﬁnite conductivity of the walls of the interaction structure become much more
severe and issues such as surface roughness which could be ignored at microwave
frequencies (< 30 GHz) need to be considered in the design. Furthermore, the small
size of the interaction structure reduces its thermal capability and restricts the amount
of electron beam current that can be safely transmitted through the circuit. All
these factors dramatically reduce the power capability of these devices with increasing
frequency in the millimeter wave regime and beyond.
Migration to a higher operating mode allows the dimensions of the circuit to be
much larger than the operating wavelength but brings forth the problem of severe
mode competition. The pitfalls of mode competition in gyrotrons are well catalogued
[172]–[175] and prove to be a major hurdle for embracing higher order mode interac-
tion structures in gyrotron ampliﬁers. In this chapter we report on the theory and
110
experiments on a promising novel approach to overcome the problem of mode compe-
tition in overmoded structures by the use of Photonic Band Gap (PBG) resonators.
A PBG structure, is a periodic array of varying dielectric or metallic structures, was
ﬁrst described by Yablonovitch et al. [148]. A detailed discussion of PBG structures
and the design methodology for overmoded yet mode-selective PBG resonators was
presented in Chapter 3.
Gyrotron oscillators and ampliﬁers have made great progress in recent years [15].
Impressive results for gyrotron ampliﬁers have been obtained in the TE11 fundamental
mode of circular waveguide [77], [83] at 35 GHz, where mode competition and con-
version are absent. These excellent results cannot be extended to higher frequencies
(>100 GHz) because the waveguide structure would be too small. Advanced research
on a high power W-band gyroklystron ampliﬁer has been successfully carried out
in a slightly overmoded structure with the TE01 mode – the third TE mode of a
cylindrical waveguide [19] at 94 GHz. The proof-of-principle PBG gyrotron oscillator
experiment, the subject of this chapter diﬀers from the gyroklystron results in that
it uses a highly overmoded structure and demonstrates operation in a very high or-
der mode (TE04 – the 30
th TE mode supported by a cylindrical waveguide) without
mode competition. In gyrotron oscillators, successful operation can be achieved in
overmoded cavities if careful techniques of resonator design are used together with
placement of the electron beam at the optimum radius for the desired mode. However,
at very high frequency, mode competition is still a major issue for gyrotron oscilla-
tors [172]–[175]. For devices in which mode competition is a limiting factor, the PBG
cavity will be advantageous, especially at moderate power levels. The reduced mode
competition observed in the present experiments and described below represents a
clear and dramatic improvement over earlier results with a conventional cylindrical
resonator. To our knowledge, the present results are the ﬁrst use of a PBG cavity in
an active high power microwave/millimeter wave device.
In this chapter we present the design of a 140 GHz proof-of-principle PBG gyrotron
oscillator and the experimental results. After a brief outline of the operating principle
of a gyrotron oscillator in Sec. 5.1, the detailed design of the resonator is presented
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in Sec. 5.2 and is followed by the design of the gyrotron oscillator in Sec. 5.3. The
details of the experimental setup and the diagnostics are presented in Sec. 5.4 which
will be followed by conclusions and future prospects of PBG interaction structure
based VEDs.
5.1 Operating Principle of a Gyrotron Oscillator
The electromagnetic radiation in a gyrotron is produced by the interaction of a mildly
relativistic gyrating electron beam and TE wave close to cut-oﬀ in a cavity resonator.
The oscillation frequency ω, of a TEmnq mode of a cylindrical cavity of length L and
radius r0 is given by
ω2/c2 = k2 = k2⊥ + k
2
z , (5.1)
where, k⊥ (= νmn/r0) and kz (= qπ/L k⊥) are the transverse and longitudinal prop-
agation constants of the TEmnq wave, k is the free space propagation constant, c is the
speed of light, νmn is the n
th root of J
′
m (x) = 0 and q is an integer. The resonance
condition for the excitation of the cyclotron resonance maser (CRM) instability is
satisﬁed when ω and kz in Eqn. (5.1) satisfy the beam mode dispersion relation
ω − kzβz0c  sΩ/γ, (5.2)
where, Ω (= eB0/me0) is the cyclotron frequency, γ =
(
1− β2z0 − β2⊥0
)−1/2
is the
relativistic mass factor, β⊥0 and βz0 are respectively, the transverse and longitudinal
velocities of the electrons normalized to the velocity of light, me0 is the rest mass of
an electron, e is the charge of an electron, s is the cyclotron harmonic number (s = 1
in this experiment) and B0 is the magnitude of the static axial magnetic ﬁeld. The
beam parameters, the resonator dimensions and an optimum detuning of the magnetic
ﬁeld can be determined from the procedure outlined in [102]–[104] to optimize the
interaction eﬃciency. The choice of the operating mode is dictated by the ohmic heat
capacity of the resonator walls and the window for stable single-mode excitation at
a high interaction eﬃciency. It is often noticed in gyrotrons that while optimizing
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Figure 5-1: A section of the CAD drawing of the PBG resonator used in the gyrotron
experiment. The small aperture on the lower end plate forms the input cutoﬀ section
and the bigger hole on the upper end plate is used to extract the radiation from the
resonator.
the detuning of the magnetic ﬁeld to increase the interaction eﬃciency of the design
operating mode, the device slips into a diﬀerent mode if the excitation conditions for
the latter mode are satisﬁed. This mode hopping in a high mode density resonator
can prevent the access to the high eﬃciency operating regime of the design mode, but
with the use of a properly chosen start-up scenario, it can be avoided [173], [174].
In the present research, we have chosen to demonstrate the PBG gyrotron as a
140 GHz oscillator because of the availability of equipment in our laboratory. The
present experiment is modeled on a previous device that was studied at MIT, a 140
GHz conventional cavity gyrotron oscillator operating in the TE031 mode [47].
5.2 Design of the PBG Resonator
The aim of the present experiments is to design build and test a PBG resonator
for application in gyrotrons, which while operating in a higher order TE mode is
still mode-selective or less susceptible to parasitic oscillations at the other competing
modes. Traditional gyrotron cavities are cylindrical copper resonators with a downta-
per to the cut-oﬀ radius at the entrance for mode conﬁnement and an uptaper at the
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Figure 5-2: PBG resonator used in the gyrotron experiment. The small aperture on
the left end plate forms the input cutoﬀ section is barely visible in the picture.
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Figure 5-3: The TE040 eigenmode of the PBG resonator at 139.97 GHz. The magni-
tude of the electric ﬁeld is shown and the simulations were performed on HFSS.
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exit for output coupling [46]. A longitudinal section of the PBG resonator is shown
in Fig. 5-1. In the present experiments the cylindrical outer copper wall is replaced
with a PBG structure comprised of a triangular lattice of metal rods. These rods are
placed parallel to one another and parallel to the axis of the gyrotron and magnetic
ﬁeld system. Two OFHC copper plates with an array of holes maintain the rods in
position and form the end plates of a PBG gyrotron resonator as shown in Fig. 5-2.
A number of rods are omitted from the center of the array to support a mode. The
basic design methodology has already been described in detail in Section 3.1.3. A
high order TE-like waveguide mode can exist in hole (defect) left by the vacant rods if
its resonant frequency lies in the band gap or the stopband of the PBG structure. The
band gap can be adjusted such that the resonant frequencies of all other neighboring
modes lie in the passband of the lattice and hence can leak through the array that acts
like a transparent wall at those frequencies. Radiation that passes through the array
propagates out and is not reﬂected back into the lattice permitting a strong single
mode operation in the design mode. 102 copper rods of radius r = 0.794 mm are held
in a triangular array with the lattice vector a = 2.03 mm to form the PBG structure
Fig. 5-1. Initial lattice dimensions were chosen using a quasistatic analytic theory
(valid for r/a  1) and simulations in SUPERFISH [161]; subsequently simulations
using HFSS [91] (High Frequency Structure Simulator, Ansoft Corp.) helped reﬁne
these dimensions. The triangular lattice was chosen over the square lattice because
the defect in a triangular lattice is more azimuthally symmetric than that in a square
lattice. After the development of the PBGSS code [90], the operating point of the
design corresponding to a = 2.03 mm, r = 0.794 mm, r/a = 0.391, and ωa/c = 5.952
was indeed found to lie right in the ﬁrst band gap of the TE modes in a triangular
lattice. This point is shown as a • in Fig. 3-8(a). It is worth mentioning that the r/a
ratio could have been further reduced to reduce the band gap around the operating
mode, however, the availability of standard size copper rods at r = 0.794 mm was a
strong reason for the design in a slightly wider band gap. A cross-section of the HFSS
model of the PBG gyrotron cavity is shown in Fig. 5-3. In the ﬁgure, an empty circle
designates the location of the rods since no electric ﬁeld can exist at that location.
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The array can hold 121 rods but the 19 innermost rods have been omitted to form the
cavity resonator. The frequency of the conﬁned eigenmode shown in the model Fig.
5-3 is 139.97 GHz in the TE040 mode. The two end plates were modeled as ‘H Walls’
in HFSS simulations which works well for TE modes and simulates the TE040 mode
without a longitudinal variation in the amplitude of the electric ﬁeld. This technique
enables us to solve the 3D problem in HFSS within a reasonable time and limited
memory resources of the computer by choosing a very short longitudinal length of the
resonator which in this case was one quarter of the operating wavelength (2.14 mm)
at 140 GHz. However, the gyrotron operates in a TE041 mode where the axial length
of the resonator is about 8 operating wavelengths as described in the next section.
The reduction in mode density in the PBG resonator can be compared to an
analogous cylindrical resonator by examining the density and the Quality factor of
the modes in the neighborhood of the operating mode in both resonators. This is
shown in Table 5.1 where we assume that there is no longitudinal variation in the
mode (TEmn0) mode because of the astronomical computation time and memory
requirements to compute the longitudinal variation of the mode in such a large size
overmoded resonator. This method used for convenience should not aﬀect the results
in case of a TEmn1 mode. In case of the cylindrical resonator the only loss is due to the
ﬁnite conductivity of the wall, however in case of the PBG resonator the loss includes
the ohmic eﬀects over the surfaces of all the rods in the resonator and the ﬁnal outer
wall chosen as the boundary in HFSS. In the actual experiment as described later,
there is no outer wall and hence the values of Q presented here are expected to be
higher.
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Cyl. Res. Frequency Ohmic Q PBG Res. Frequency Q
Mode (GHz) Mode (GHz)
TE0,3,0 106.488 15927 TE030 like 110.158 4063
TE5,2,0 110.114 12537
TE9,1,0 112.119 4805 The weakly conﬁned modes
TE3,3,0 118.760 15644 with a poor azimuthal
TE1,4,0 122.529 15090 symmetry are unlikely
TE6,2,0 122.832 12634 to couple to the electron beam.
TE10,1,0 123.209 4767
TE4,3,0 132.744 16014 The Q factors of all the
TE11,1,0 134.258 4731 unconﬁned modes and
TE7,2,0 135.362 12696 bulk modes is less than 9000.
TE2,4,0 137.857 17704
TE0,4,0 139.462 18227 TE0,4,0 139.462 13537
TE12,1,0 140.039 3571
TE5,3,0 146.407 16289
TE8,2,0 147.751 12735
TE3,4,0 152.673 18264
Table 5.1: Comparision of the mode density in the PBG gyrotron resonator to an
analogous cylindrical resonator. The operating mode is a TE041 mode with a trans-
verse ﬁeld proﬁle similar to the TE041 mode. The modes shown in bold have a stronger
coupling coeﬃcient to the electron beam and are more likely to be excited than the
other modes.
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5.3 Design of the Gyrotron
The electron beam parameters for the experiment were chosen based on a readily
available triode magnetron injection gun, VUW-8140 [181] at MIT. The nominal
operating voltage is 68 kV at a current of 5 A, with a beam velocity pitch factor
(α = β⊥0/βz0) equal to 1.2. The pitch factor α, can be varied from 0.5 to 1.9 by
varying the modulating anode voltage or the magnetic ﬁeld at the cathode. A mod-
erate velocity pitch factor (α ∼ 1.2) was chosen to keep the velocity spread in the
beam below 6 % and to prevent overbunching of the beam. The radius of the hollow
electron beam is 1.82 mm which is the correct radius to excite the TE04 -like mode at
its second radial maximum. The length of the cavity was chosen to be 8 wavelengths
(2.14 mm) of the operating frequency (140 GHz) in order to optimize the eﬃciency.
A hollow annular electron beam from the VUW8140 MIG was guided through the
PBG resonator immersed in a 5.4 Tesla magnetic ﬁeld provided by a superconducting
magnet. A schematic of the experimental setup is shown in Fig. 5-4 on page 118.
The electron beam traversed the PBG cavity along its axis passing through the holes
in the end plates. The spent electron beam emerging from the cavity after interac-
tion was collected by a steel pipe which also served as a waveguide to transport the
electromagnetic radiation from the cavity to the window of the gyrotron.
5.4 Experimental Results
In order to test the PBG gyrotron oscillator for mode selectivity, the device was
operated at 68 kV, 5 A over the magnetic ﬁeld range of 4.1 to 5.8 T to permit beam
transmission without signiﬁcant reﬂection or interception over the whole range. It is
evident from Eqn. (5.2), that this range in magnetic ﬁeld tuning corresponds to an
equal range in the frequency space of about 30 %.
In Fig. 5-5 the experimentally measured start oscillation current of the design
TE041 mode with varying magnetic ﬁeld is compared with the theoretical results from
a linear theory of a cylindrical resonator gyrotron [104]. This comparison is expected
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Figure 5-5: Experimentally measured start oscillation characteristics of the PBG
gyrotron osclliator compared to the results from a linear theory for an analogous
cylindrical resonator. The oscillation frequency is 140.05 GHz in a TE041 mode with
the beam parameters: 65 kV, α = 1.2 and Qtotal = 8000.
to work very well because at the design mode the PBG resonator should act about
the same as a conventional cylindrical resonator. The experimentally measured start
oscillation curve is wider than the theoretically predicted value and this can be ex-
plained as follows. In the theoretical model we assumed a Gaussian shaped axial
ﬁeld proﬁle in the resonator. The Gaussian proﬁle is a good approximation in tradi-
tional cylindrical gyrotron resonators with an output uptaper however, in our PBG
resonator the ends of the resonator are abruptly terminated with copper endplates
which may deviate the axial ﬁeld proﬁle from a Gaussian shape. The dependence of
the shape of the start oscillation current with a sinusoidal and a Gaussian ﬁeld proﬁle
has been studied in [103] for a cylindrical resonator gyrotron. The start oscillation
curve when the axial ﬁeld proﬁle is assumed to have a sinusoidal shape is wider than
the case when a Gaussian like ﬁeld proﬁle is assumed. Also, in the case of a sinusoidal
ﬁeld proﬁle the start current curve is shifted slightly to the left than in the case of
a Gaussian ﬁeld proﬁle. The experimental results from the PBG gyrotron indicate
that the axial ﬁeld proﬁle in the resonator is diﬀerent from the Gaussian ﬁeld proﬁle
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Figure 5-6: The variation of output power of the gyrotron with the main magnetic
ﬁeld. The radiation frequency is 140.05 GHz in a TE041-like mode.
assumed in the linear theory based calculations. The diﬀerence in the value of the
minimum start oscillation current can be explained by the uncertainty in the mea-
surement of the velocity pitch factor, α. The start oscillation current increases with a
decrease in α. The value of α was determined from theoretical simulations using the
EGUN code [140]. The beam α can be measured by a capacitive probe but this was
not installed in the present experiment. The details of the α probe are discussed in
Sec. 4.5. Previous experience at MIT shows that the measured value of α is usually
less than the theoretically predicted value from EGUN. This may also explain the
widening of the start oscillation current graph.
The variation of output power with the magnetic ﬁeld, the most vital indicator of
the mode selectivity of the resonator, is shown in Fig. 5-6. The mode with an oper-
ating frequency of 140.05 GHz is the only strong mode emanating from the gyrotron.
This result is direct conﬁrmation of the mode selectivity of the PBG resonator. A
conventional cylindrical resonator operating in the TE041 mode over the same range
of magnetic ﬁeld tuning of 30 % as in this experiment, would face strong competition
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from at least 7 other modes. One of those competing modes, the TE241 mode, which
is nearly degenerate with the TE041 mode and severely reduces its operating range
and eﬃciency [175] is absent in the PBG structure. For the PBG resonator of length
10.54 mm used in this experiment the theoretical resonant frequency is 140.186 GHz.
The experimentally measured frequency of 140.05 GHz diﬀers from the theoretical
design value by 0.1%, which is very good considering the tolerances in the rod radius
and the machining tolerance of the lattice holes on the end plates. The maximum
power recorded in the design mode for the operating voltage and current used for
the magnetic ﬁeld scan is about 16 kW. Operation at a diﬀerent voltage and current
produced up to 25 kW at an eﬃciency of 7 %.
The power in the operating mode was measured by the analog Scientech Inc.
calorimeter described in Chapter 4. The frequency was measured by a heterodyne
receiver system also described in Chapter 4 with a harmonic mixer and ﬁlters. At
magnetic ﬁeld values away from the high power operating mode, the gyrotron oscil-
lator has very weak emission in other modes. The presence of the these modes was
detected using either a WR-8 video diode detector or a heterodyne receiver system.
The video diode could detect signals with power as low as 1 W, which is 44 dB down
from the main signal. The calibrated diode measurements conﬁrmed that the power
in the points shown as 0 kW in Fig. 5-6 was everywhere less than 100 W, which is
at least 22 dB below the main mode and represents an eﬃciency of less than 0.03%.
These weak spurious modes may be generated in the output waveguide structure of
the gyrotron. Detailed investigation of the nature of these modes was not conducted
in the present experiment.
For convenience, in these ﬁrst experiments, we have used a ﬂat plate with a hole
for output coupling as shown in Figs. 5-1 and 5-2. HFSS simulations predict an
ohmic Q factor of about 13,500 and a diﬀractive Q factor of about 16,000 for this
PBG cavity; these Q factors were not measured in cold test. The diﬀractive Q at
the iris created by the output coupling hole and the ﬁnite width of the end plate was
modeled in HFSS and another cold resonator analysis code to estimate the diﬀractive
Q. The theoretical ohmic Q factor is comparable to that of an equivalent cylindrical
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resonator. The value of the estimated diﬀraction and ohmic Q factors implies that
more than half of the generated power is dissipated as ohmic heat on the walls of the
resonator leading to a reduced eﬃciency of the device. In the future, we plan to test
PBG cavities with optimized output coupling including transverse coupling to reduce
the diﬀraction Q factor. The concept of transverse coupling was explained in Sec.
3.1.3. We have previously studied transverse coupling in a test structure at 17 GHz
and obtained excellent results coupling into and out of a PBG structure [158]. For the
operating parameters chosen in the experiment and the ratio of the diﬀractive Q to
the ohmic Q, the experimentally observed eﬃciency agrees well with the predictions
from a nonlinear theory [102]– [104].
5.5 Discussion
The successful demonstration of the ﬁrst high power high frequency active millimeter
wave device using a PBG interaction structure to suppress mode competition opens
up a whole new world of possibilities in the design of VEDs. The basic philosophy
of migration to an overmoded circuit without being severely constrained by mode
competition is a very general principle and can be applied across the board for a wide
variety of VEDs. The present experiment has already demonstrated the case of fast
wave CRM devices such as the gyrotron however, many interesting applications in
conventional slow-wave devices can beneﬁt from this technique. The application of
PBG structures to slow-wave devices will be elaborated later in Chapter 8.
The choice of metallic PBG structures was based on their ruggedness and good
thermal properties compared to their dielectric counterparts. Furthermore, fast wave
devices such as gyrotrons operate in TE modes which makes the metal PBG structures
very suitable. It is evident in Fig. 3-8(a) that for TE modes there is no zero order band
gap and hence if the operating mode is localized in the defect the modes with a lower
frequency, which are usually the most dangerous are not conﬁned due to transparency
of the lattice at those frequencies. Indeed the higher order modes up to twice the
frequency of the defect mode are also not conﬁned. We see a second order band
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gap for a triangular lattice PBG structure in Fig. 3-8(a), which may conﬁne a mode
that may interact with the next higher beam harmonic but usually higher harmonic
interactions are much weaker than the lower order mode interactions. Other kinds
of PBG structures with diﬀerent lattice shapes such as a honeycomb lattice can also
be used based on the kind of band structure desired to suppress unwanted modes.
PBG structures are expected to degrade gracefully compared to conventional sin-
gle wall structures due to the distributed boundary. Also the lapse in symmetry of the
defect due to the shape of the lattice adversely aﬀects the symmetry of the weakly
conﬁned modes thus reducing their coupling coeﬃcient to the cylindrical electron
beam. The design mode which is usually a higher order mode has most of its ﬁelds
farther away from the lattice than the weakly conﬁned modes.
It is very clear that PBG structures give a powerful technique for electromagnetic
control of mode-competition by improving the art of interaction structure design.
This can be combined eﬀectively with the well known electrodynamic techniques of
mode-selection such as the proper beam radius, operating current, voltage and the
magnetic ﬁeld values.
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Chapter 6
Confocal Gyrotron Oscillators
The merits of the use of mode selective open confocal resonators and waveguides was
discussed in Chapter 3. Their potential for application as an overmoded interaction
structure for a W-band (75-110 GHz) Gyrotron Traveling Wave Tube (gyro-TWT)
ampliﬁer has been the focus of this work. Prior to building a gyro-TWT the design and
test of a gyrotron oscillator experiment, which is expected to be simpler was pursued
as a proof-of-principle experiment to demonstrate the mode selective properties of
the confocal resonator. This chapter describes two diﬀerent experiments that were
performed during the course of this work to test some basic properties of confocal
resonator based gyrotrons.
The quasioptical confocal resonator experiments diﬀer from other quasioptical
gyrotron experiments described elsewhere [177]– [179] in that for the ﬁrst time we
use conventional TE modes in a cylindrical geometry with long mirrors whereas other
earlier experiments used large spherical mirrors in the TEM modes, which resemble
laser resonators. The beneﬁt of using cylindrical geometry with long mirrors is that
the structure can be used to support a convective instability necessary for the spatial
growth of the signal as in a gyro-TWT ampliﬁer. Furthermore, the present work is the
ﬁrst time that diﬀraction has been advocated as a tool for parasitic mode suppression
for enabling the use of overmoded resonators and waveguides in VEDs at millimeter
wave frequencies. In the gyrotron oscillator experiments described in this chapter
and the gyrotron ampliﬁer experiment to be described in the next chapter, the mirror
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Figure 6-1: The confocal resonator used in the 140 GHz fundamental confocal gy-
rotron oscillator experiment.
aperture has been the most vital design parameter to control the mode population
and improve the contrast in the diﬀraction losses between the design operating mode
and other competing parasitic modes.
6.1 140 GHz Confocal Gyrotron Oscillator Exper-
iment
A 140 GHz gyrotron oscillator using a confocal resonator was designed and tested at
MIT by Hu et al. [88]. During the course of this work this gyrotron experiment was
repeated to improve understanding of the confocal resonator prior design of the gyro-
TWT ampliﬁer, which is signiﬁcantly more challenging than the oscillator experiment.
The design and initial experiments of the confocal gyrotron oscillator experiment have
been presented in detail in [88]. In the section we list the design parameters and
describe the experiments performed during the course of this work.
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Frequency 140 GHz
Operating Mode HE061
Beam Voltage (V0) 68 kV
Beam Current (I0) 6 A
Beam Pitch Factor (α) 1.2
Beam Radius(rb) 1.82
Magnetic Field 5.28 T
Mirror Seperation (Lt) 6.7 mm
Mirror Aperture (2a) 6.2 mm
Resonator Length (Lz) 17 mm
Fresenel Parameter (CF ) 4.2
Transverse Diﬀraction Q (Qt) 8000
Axial Diﬀraction Q (Qz) 1600
Total Diﬀraction (Qtot) 1300
Table 6.1: Design parameters of the 140 GHz confocal gyrotron oscillator experiment.
6.1.1 Design
The confocal gyrotron oscillator was designed to operate in the HE061 mode (Fig.
3-12(d)) at 140 GHz of the confocal resonator to use the existing VUW-8140 MIG
[181] at MIT. The MIG is designed for 70 kV, 5A operation at a velocity pitch factor
(α) of up to 1.9. The perpendicular spread is about 6% at an α of 1.5. The nominal
beam radius is 1.82 mm. The design parameters of the confocal gyrotron oscillator
experiment are listed in Table 6.1.
The design exploits the mode selectivity of the confocal resonator to reduce the
parasitic mode density around the operating HE061 mode, which would allow the
access to the higher eﬃciency regime of the mode without the excitation of any
parasitic mode. The HE061 mode is analogous to the TE031 mode of a cylindrical
resonator. Such a TE031 mode gyrotron at 140 GHz was extensively studied by
Kreischer et al. [47] at MIT and it was found that the TE231 (ν = 9.9695) mode
of the cylindrical resonator which is nearly degenerate with the TE031 (ν = 10.1735)
operating mode severely limits the operating parameter space of the TE031 mode
and prevents the access to the high eﬃciency regime. If the Fresnel parameter, CF is
chosen to be small enough (= 4.2 in the present experiment) the nearest well conﬁned
mode is the HE051 mode at 114 GHz compared to the design mode, HE061 at 136 GHz.
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Figure 6-2: The variation of output power with magnetic ﬁeld for HE06 mode at 136
GHz with V0 = 74.76 kV, I0 = 6.8 A and α=1.2.
The resonator used in the experiments is shown in Fig. 6-1.
6.1.2 Experimental Results
Initial investigation of this 140 GHz confocal gyrotron oscillator was performed by
Hu et al. [88]. In this section we present the experimental results obtained during the
course of this work. The experiment was rerun to gain valuable experience before the
design and experiments on a 280 GHz second harmonic confocal gyrotron oscillator
to be described in Sec. 5.2 and the confocal gyro-TWT to be described in Chapter 7.
The experimental investigation had two speciﬁc aims, ﬁrstly to try and produce
higher power than obtained by Hu et al. [88] and also to check the possible excitation
of the second harmonic resonance with the HE0,12,1 mode. In Fig. 6-2 we show the
variation of the output power with magnetic ﬁeld for the operating HE061 mode at 136
GHz obtained during the course of this work. The frequency was lower than 140 GHz
possibly due to the mirror separation being more than the design value by as little
as 0.2 mm. We observe a wide range of magnetic ﬁeld values where the HE061 design
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Figure 6-3: . The excitation regime of the HE05 and HE06 modes in the 140 GHz
confocal gyrotron oscillator with varying magnetic ﬁeld.
mode is excited without competition from the neighboring modes. The output power
was measured using the analog, Scientech Inc. Calorimeter described in Section 7.4.1.
A peak output power of 83 kW was obtained at 16 % eﬃciency. The mode selective
properties of the gyrotron are demonstrated in Fig. 6-3 where we observe a wide
range of magnetic ﬁeld values where each mode is excited, which allows the access
to the high eﬃciency operating point of the modes. The severe mode competition in
an analogous TE031 mode, 140 GHz cylindrical resonator gyrotron studied in [47] is
absent in the confocal gyrotron oscillator.
Another goal of the experiment was to study the possible excitation of the second
harmonic resonance (ω ∼ 2Ω/γ) by the interaction of the second beam cyclotron har-
monic with the HE0,12,1 mode of the resonator which has roughly twice the frequency
of the HE061 mode. In a confocal resonator, as pointed out earlier in Sec. 3.2.2 the
higher order modes have smaller beam radius at the mirror and hence are likely to be
conﬁned better than the lower order modes which suﬀer higher diﬀractive losses. In
this experiment we could not observe the second harmonic due to the strong interac-
tion at the fundamental in the HE061 mode. The second harmonic interaction is much
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weaker and hence gets suppressed by the excitation of the fundamental mode reso-
nance. To suppress the fundamental to allow the excitation of the second harmonic
a new experiment was designed and is the subject of Sec. 5.2.
6.1.3 Conclusion
The successful operation of this gyrotron has been the ﬁrst crucial step to the design of
a second harmonic confocal gyrotron oscillator and a gyro-TWT ampliﬁer experiment
to be described later. A peak power of 83 kW was measured at an eﬃciency of 16
% during the course of this work. The operation of this experiment also provided
valuable experience in running the other sub-systems which will be used in other
experiments.
6.2 280 GHz Second Harmonic Confocal Gyrotron
Oscillator
Second harmonic gyrotrons rely on the radiation at the second cyclotron harmonic of
the electron beam (ω ∼ 2Ω/γ) where, ω is the radiation frequency and Ω/γ is the rel-
ativistic cyclotron frequency and hence enjoy unique advantages over the fundamental
resonance gyrotrons. The radiation at the second harmonic of the electron cyclotron
frequency reduces the required static magnetic ﬁeld to half the value required for
fundamental interaction. Operation at higher cyclotron harmonics bring down the
required strength of the magnetic ﬁeld by the harmonic number. Since gyrotron re-
quire very high magnetic ﬁeld (∼ 28/γ GHz/Tesla), which is inevitably provided by
superconducting magnets at millimeter wave frequencies, e.g. fundamental interac-
tion at 140 GHz requires 5.4 T, any reduction in the strength of the magnetic ﬁeld
reduces the system cost. The higher harmonic interactions typically use higher order
waveguide modes which allow larger transverse dimensions of the resonator. The use
of second harmonic interaction in gyrotron ampliﬁers allows the use of higher beam
current and hence the generation of higher output power [72].
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Figure 6-4: The dispersion diagram for a second harmonic gyrotron oscillator showing
the potential for the excitation of a parasitic fundamental oscillation with a lower
order mode.
All the mentioned advantages are accompanied by considerable design challenges
to selectively excite the higher harmonic interaction while suppressing the lower or-
der and most importantly the fundamental cyclotron interaction. The dispersion
diagram for a second harmonic gyrotron oscillator is shown in Fig. 6-4 where the
potential for the excitation of a fundamental beam cyclotron mode oscillation with a
lower waveguide mode is also shown. The fundamental cyclotron interaction is much
stronger than the higher harmonic interaction because in the former case the electron
is synchronous with the electromagnetic wave over the entire Larmor orbit, whereas
in the latter case it is synchronous only over a part of the Larmor orbit. Most of the
excitation conditions for the fundamental and high harmonic interaction overlap and
hence the fundamental mode interaction suppresses the second harmonic interaction
unless special resonator design concepts which favor the harmonic interaction over the
fundamental interaction, such as a slotted resonator are employed [58]. In addition to
electromagnetic selection by proper resonator design, electrodynamic selection by the
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Parameter Fundamental Design 2nd Harmonic Design
Mode HE0,6,1 HE0,12,1 HE0,6,1 HE0,12,1
Mirror Sep., Lt = rc 6.70 mm 6.56 mm
Axial Length, Lz 17.0 mm 13.92 mm
Aperture, 2a 6.20 mm 4.10 mm
Frequency (GHz) 140.20 274.40 143.25 280.19
Fresnel Parameter, CF 4.2 8.23 1.92 3.76
Transverse Q, Qt 7100 2.2×107 136 6300
Longitudinal Q, Qz 1600 6100 2800 14500
Total Q, Qtot 1300 6100 130 4400
Table 6.2: Resonator design parameters of the second harmonic confocal gyrotron
experiment compared to the design of the fundamental confocal gyrotron oscillator
experiment.
excitation of the higher harmonic interaction in the regime where the fundamental
interaction is weaker is very important. Such techniques are well exempliﬁed in [57]
where the harmonic emission from a gyrotron design optimized for fundamental mode
interaction at 140 GHz was studied.
6.2.1 Design
One of the many advantages of the confocal waveguide lies in its ability to conﬁne
the higher order higher frequency modes better than the lower order lower frequency
modes. This feature can be explained in terms of the beam radius of the modes at
the confocal mirrors. The higher order modes have a narrow beam waist and hence a
narrower beam radius at the mirrors as compared to the lower order modes. Hence, if
the mirror aperture is chosen to be small to provide a high contrast in the diﬀraction
losses of the lower order mode to the higher order mode in consideration one may
eliminate the excitation of the lower order mode by the electron beam.
A summary of the design parameters of the second harmonic gyrotron are pre-
sented in Table 6.2 where a comparison of the second harmonic design with the
fundamental mode design discussed in the previous section is also presented.
In Table 6.2 we see that by reducing the aperture of the mirrors in the second
harmonic resonator we can lower the transverse diﬀractive Q, Qt of the HE0,6,1 mode
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Figure 6-5: The confocal resonator used in the 280 GHz second harmonic gyrotron
oscillator experiments. The resonator is shown mounted to the beam tunnel.
Figure 6-6: The HE0,12 eigenmode resonant between the mirrors of the second har-
monic gyrotron experiment. The mirrors are 4.1 mm wide and are separated by 6.56
mm.
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V0 = 68 kV and α=1.4.
which interacts with the fundamental beam cyclotron harmonic dramatically while
keeping the corresponding value for the HE0,12,1 operating mode about 46 time higher.
This means that the diﬀraction losses in the transverse direction for the parasitic
fundamental mode are very high compared to the second harmonic mode. This severe
transverse diﬀraction loss for the fundamental mode reduces its overall Q factor and
hence increases its start oscillation current. It is expected that the suppression of the
fundamental mode by transverse diﬀraction losses would increase the regime of the
stable excitation of the second harmonic interaction. The HE0,12,1 eigenmode which
is chosen as the operating mode is shown in Fig. 6-6 resonant in the mirror geometry
chosen for this experiment. The actual resonator used in the experiment is shown in
Fig. 6-5.
The choice of a relatively long resonator (Lz = 13.92 mm = 12.75λ at 280 GHz) has
resulted in a large axial diﬀractive Q for the second harmonic mode, which means that
the eﬃciency of extraction of the power along the axis through diﬀractive coupling is
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lower resulting in a signiﬁcant trapping of the generated RF power in the resonator.
This is a very common problem encountered millimeter in wave gyrotron designs,
where a large value of the normalized resonator length µ, deﬁned in Eqn. 2.60 for
optimizing the electronic eﬃciency results in high value of the longitudinal diﬀraction
Q, Qz which leads to poor extraction from the cavity. A cold cavity computer code
at MIT was used to predict the value of Qz in this design but in general the axial
diﬀraction Q factor for the TE0nqmodes in an open resonator can be expressed as
[43], [180]
Qz =


8π
(
Lz
λ
)2
, for q = 1,
4π
q
(
Lz
λ
)2
, for q > 1.
(6.1)
In a gyrotron employing a PBG resonator, the ability to extract the power from
the transverse direction by removal of one or more rods would prove to be very useful
in situations where the very high value of the axial diﬀraction Q, chosen for higher
eﬃciency prevents eﬃcient extraction of power from the axial direction.
A plot of the start oscillation conditions for the second harmonic and the funda-
mental interaction is shown in Fig. 6-7. It is evident that due to the heavy transverse
diﬀraction losses inﬂicted upon the HE0,6,1 mode there is a wide window for the ex-
citation of the HE0,12,1 mode at the second beam cyclotron harmonic.
6.2.2 Experimental Results
The same setup used in the 140 GHz confocal gyrotron oscillator experiments de-
scribed in Sec. 5.1 was used for the second harmonic experiment. The nominal
electron beam parameters were as follows; V0, 65–75 kV, I0, 0–8 A and α <1.7. Dur-
ing the experiments very weak emission at the fundamental mode was observed and
the measured power at the fundamental mode was less than 1 kW at a beam current
over 9 A and an estimated beam velocity pitch factor of α = 1.5. No second harmonic
emission was observed during the experiments and one or more of the following rea-
sons were perhaps responsible for the excitation of the second harmonic. The electron
beam quality from this electron gun is poor at α > 1.4, which causes a longitudinal
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velocity spread of about 16 %. The second harmonic interaction is very sensitive to
velocity spread and hence may require a beam with a lower velocity spread at α =
1.5. Furthermore, the electron gun is optimized for operation at 5-6 A and at higher
current (> 8A) the beam quality degrades quite rapidly [47]. The theoretical estimate
of the start oscillation current for the fundamental and second harmonic shown in
Fig. 6-7 assumed a zero velocity spread, and so a large velocity spread may have
increased the starting current of the second harmonic to a value higher than 10 A
which is the limit on the current available from the present electron gun.
6.2.3 Conclusion
Though second harmonic emission could not observed in the 280 GHz second har-
monic confocal gyrotron oscillator it has validated the most important design criteria,
namely, the suppression of the fundamental mode by transverse diﬀraction losses by
the choice of narrow aperture of the mirrors. Since the confocal gyro-TWT ampliﬁer
experiment needed to be tested at a higher priority further research on the second
harmonic experiment was not possible. To indeed observe the second harmonic a
better electron gun with a lower velocity spread might be necessary.
6.3 Discussion
The gyrotron oscillator experiments described in this chapter have provided valuable
experience in understanding and demonstrating the properties of confocal resonators
and their applications in gyrotrons. The fundamental gyrotron oscillator experiment
at 140 GHz produced 83 kW of power at 16 % eﬃciency and demonstrated excellent
mode selectivity over a wide range of magnetic ﬁeld values. Though second harmonic
emission was never observed in the second harmonic experiment it did verify the
design technique of suppressing the fundamental mode interaction by reducing the
mirror aperture to increase the diﬀraction losses of the HE06 mode interacting with
the fundamental beam cyclotron harmonic. An electron beam with a lower velocity
spread is necessary for the successful excitation of the second harmonic.
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We close this chapter with a discussion on the potential of confocal resonators in
gyrotrons. The advantages of using open confocal resonators are many. The good
mode selectivity of the resonator allows the stable operation in a higher order mode
resulting in larger transverse dimensions of the resonator with a concomitant better
thermal capacity. The use of two separate mirrors instead of a cylindrical pipe used
in conventional gyrotron resonators provides a unique ability for mechanical tuning
of the frequency. Such a capability is very useful in a variety of applications such
as in low power drivers and other sources used for collective Thomson spectroscopy
of fusion plasmas [182]–[184]. The use of a Gaussian-like eigenmode in the resonator
may simplify the internal mode converter used to convert the higher order resonator
mode to a TEM00 free space Gaussian beam for transmission via a low loss corrugated
waveguide [169]. Since the eigenmode is already in a Gaussian shape in the x direction
the launcher used to radiate the mode into the mirrors of the internal mode converter
is expected to be simpler.
One of the disadvantages of the confocal resonator is that due to the azimuthal
asymmetry of the ﬁelds a part of the electron beam does not couple to the RF ﬁelds
and hence has a lower eﬃciency than a cylindrical waveguide. However, the use of a
sectored electron beam which is present only where the RF ﬁelds reside can be used
to increase the eﬃciency of the device. Such an electron beam may not be hard to
form because it only needs a cathode with a sectored emitter.
The potential of application of the open confocal resonator in millimeter and sub-
millimeter wave gyrotrons does seem to be very promising. The successful gyrotron
ampliﬁer results obtained with a confocal waveguide interaction structure described
in Chapter 7 make it a very strong competitor for use in a high average power (>
20 kW) gyrotron ampliﬁer in the W-band (75-110 GHz) and beyond. The confocal
gyrotron has the added advantage of tunability by varying the mirror separation. The
advantages of using a confocal resonator in second harmonic gyrotron oscillators is
very promising and may be a good alternative for experiments such as the second
harmonic gyrotron oscillator at 460 GHz for applications in DNP experiments [89] in
NMR spectroscopy.
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Chapter 7
Confocal Gyrotron Ampliﬁer
High power gyrotron ampliﬁers can extend modern communication and radar systems
into the W-band and beyond where the unavailability of high power ampliﬁers has
stymied system development. Conventional slow-wave TWTs are not a viable option
above the Ka-band (26.5–40 GHz) and hence there is a strong need for high power
high gain ampliﬁers for harnessing the millimeter wave spectrum. Gyrotron ampliﬁers
can operate eﬀectively in the W-band and beyond while generating two orders of
magnitude or higher output power than conventional TWTs.
The advantages of millimeter wave communication systems are numerous. Some
of the unique advantages include the availability of low attenuation bands also called
windows at 35 GHz and 94 GHz which can be used very eﬀectively for long dis-
tance communications. The small wavelength of the millimeter waves reduces the
antenna size and improves the directivity when compared to traditional microwave
systems. W-band communication systems can provide the much needed relief from
congestion in the conventional microwave frequencies. The advantages of a W-band
(75-110 GHz) radar are many and signiﬁcant when compared to the conventional
microwave radar. At millimeter wave frequencies due to the smaller wavelength and
higher directivity, higher energy density and angular resolution can be achieved with
a smaller antenna aperture and lower power when compared to a conventional mi-
crowave radar. Furthermore, the availability of wider bandwidth (eﬀective bandwidth
is a ﬁxed percentage of operating frequency) at millimeter wavelengths results in an
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increased Doppler shift for a given spread of radial velocities [144]. Due to these ad-
vantages the W-band radar is uniquely qualiﬁed for tracking low earth orbit satellites
and space debris – applications that are becoming increasingly important for both
military and space science applications.
In this chapter we describe the theory, design and experiments on a novel high
power (100 kW peak power) Gyrotron Traveling Wave Tube (gyro-TWT) ampliﬁer
potentially capable of operating at high average power (> 10 kW) in the W-band
and beyond. A gyro-TWT is chosen over the other gyrotron ampliﬁers namely, the
gyroklystron and the gyrotwystron because it employs a traveling wave nonresonant
interaction structure and hence has wider bandwidth than the resonant structures
used in the gyroklystron and the gyrotwystron.
There has been increased interest in the development of gyro-TWTs since the
early eighties as listed in Table 1.1 on page 32 however most of the experiments have
been limited to the Ka band. The primary reason for the lack of development of
high average power capable ampliﬁers in the W-band is the rapid miniaturization of
the transverse dimensions of the interaction structure if fundamental mode opera-
tion is chosen. Fundamental mode operation is very advantageous because of wider
bandwidth and the absence of mode competition however, its pitfall is sub-wavelength
scale structure dimensions which dramatically increase the fabrication complexity and
limit the amount of power that can be safely generated in the device. Migration to a
higher order operating mode allows the interaction structure dimensions to be larger
than the operating wavelength but brings forth the problem of mode competition.
Mode competition severely limits the amount of power that can be generated in the
higher order operating mode and thus the overall system performance.
This thesis has been devoted to the demonstration of novel ideas which would allow
stable single mode operation in highly overmoded interaction structures. The PBG
resonator gyrotron and the confocal gyrotron oscillators with an open quasioptical
resonator described in Chapters 5 and 6 respectively, have demonstrated the eﬀec-
tiveness of using novel interaction structures for mode selective operation in higher
order modes. The gyro-TWT ampliﬁer described in this chapter uses a quasioptical
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open confocal waveguide instead of a resonator as in the confocal gyrotron experi-
ment to demonstrate stable single mode operation in a higher order mode. The large
transverse dimensions of the circuit (∼ 3 wavelengths) compared to sub-wavelength
scale fundamental mode structure makes the structure potentially capable of up to
100 kW CW operation at 94 GHz.
The experiments during the course of this work were done at 140 GHz due to a
readily available electron gun and an Extended Interaction Klystron (EIK) driver at
140 GHz. The results achieved during the course of this work can be directly scaled
down to 94 GHz without any degradation in performance. An initial design study of
a 94 GHz confocal gyro-TWT is presented in Chapter 8. This chapter is organized
as follows. We describe the design of the experiment in Sec 7.1, the experimental
setup in Sec. 7.2 and the experimental results in Sec. 7.3. Finally a discussion on the
results and the future prospects of this novel gyro-TWT are presented in Sec. 7.4.
7.1 Design
In this section we describe the design of the interaction structure and the gyro-TWT
experimental setup. Some of the equipment used in the experiment such as the
electron gun and the superconducting magnet are from prior gyrotron experiments
at MIT.
7.1.1 Target Speciﬁcations of the Gyro-TWT Ampliﬁer
The gyro-TWT is intended for use in W-band operating at 94 GHz. However, in the
present research we have chosen to work at a much higher frequency of 140 GHz due
to a readily available electron and a EIK driver. The target speciﬁcations for the
gyro-TWT are listed in Tab. 7.1
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Frequency 140 GHz
Output Power 100 kW
Saturated Gain ∼ 38 dB
Saturated Bandwidth ∼ 4 %
Eﬃciency ∼ 30 %
Beam Voltage 65 – 75 kV
Beam Current 5 – 10 A
Velocity Pitch Factor 0.5 – 1.2
Long. Momentum Spread < 10 %
Beam Radius ∼ 1.8 mm
Magnetic Field < 5.3 T
Cyclotron Harmonic Fundamental
Operating Mode HE06 Confocal
Table 7.1: Speciﬁcations of the proposed 140 GHz gyro-TWT experiment at MIT.
7.1.2 Electron Gun
The electron gun used in the experiment is an old gun from prior 140 GHz gyrotron
experiments at MIT [47], [57]. The VUW-8140 [181] electron gun is a Magnetron
Injection Gun (MIG) built by Varian Associates (now CPI Inc.), CA. The gun has
three electrodes; the cathode operated at about -68 kV, the main anode operated at
the ground potential, and the second anode (mod anode) operated usually between
-42 kV and -58 kV. The electron beam parameters of this gun were optimized for
a 140 GHz, TE031 mode gyrotron oscillator at 100 kW power level. A table of the
optimum operating parameters for the electron gun are listed in Tab. 7.2.
The electron beam radius was designed to interact with the second radial maxi-
mum of the TE031 mode at 140 GHz. In addition to the above electron gun which is
a nonlaminar gun, a laminar gun (VUW-8140A) was also available. The laminar gun
has 4.0 A/cm2 cathode current density which is twice that of the nonlaminar gun.
The electron orbits do not intersect in the laminar gun and hence it is expected to
perform better at higher beam current. To achieve laminar ﬂow with nonintersecting
electron orbits the cathode slant angle in the laminar gun is 25◦ compared to the 15◦
in the nonlaminar gun.
During the earlier gyrotron oscillator experiments [47] it was found that higher
eﬃciency was obtained with the nonlaminar gun than the laminar gun and was ex-
141
Beam Voltage 65 kV
Mod Anode Voltage 19.6 kV
Beam Current 5.0 A (7.5 A max.)
Cathode Current Density 2.0 A/cm2
Cathode Angle 15◦
Anode Angle 15◦
Velocity Pitch Factor 1.49
Perp. Velocity Spread 2.68 %
Beam Radius 1.81 mm
Beam Thickness 0.46 mm
Magnetic Compression 25.5
Magnetic Field 5.64 T
Table 7.2: Optimum parameters of the VUW-8140 MIG used in the 140 GHz gyro-
TWT experiments.
plained by the possibility of achieving a higher velocity pitch factor with a low velocity
spread in the case of the nonlaminar gun. Hence, in the gyro-TWT experiments the
nonlaminar gun was used and the laminar gun was retained as a backup.
Extensive simulations were performed during the course of this work to ﬁnd the
optimum operating parameters of the nonlaminar gun using EGUN [140]. The evo-
lution of the trajectory of the electrons computed by EGUN is shown in Figs. 7-1 –
7-3.
In the experiment the velocity pitch factor of the beam could be controlled by
changing the voltage on the mod anode and the local magnetic ﬁeld at the cathode
by a conventional copper solenoid. An increase in the voltage diﬀerence between the
cathode and the mod anode increases the velocity pitch factor. The beam radius
was controlled by changing the local magnetic ﬁeld at the cathode by the use of
a conventional copper solenoid. The solenoid could be operated in a conﬁguration
in which its magnetic ﬁeld added to the residual ﬁeld from the main superconduct-
ing solenoid (lower compression) or subtracted the residual ﬁeld of superconducting
solenoid (higher compression). The magnetic compression is deﬁned as the ratio of
the peak axial magnetic ﬁeld at the interaction region in the center of the supercon-
ducting solenoid to the local axial magnetic ﬁeld at the cathode. Under adiabatic
conditions the beam radius scales as the square root of the magnetic compression. In
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Figure 7-1: The evolution of the electron trajectories in the VUW-8140 MIG. The
equipotential lines and the axial magnetic ﬁeld are also shown.
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VUW-8140 MIG.
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Figure 7-4: Actual magnetic ﬁeld proﬁle of the superconducting magnet. The ﬁeld
homogeneity is 0.5 % over 5.0 cm and 1 % over 6.5 cm.
the adiabatic domain an increase in compression while reducing the beam radius also
increases the velocity pitch factor [135].
7.1.3 Superconducting Magnet
A superconducting magnet capable of operating at up to 6.5 T was used in the
ampliﬁer experiment. This magnet was successfully used in prior gyrotron oscillator
experiments at MIT. The magnet was typically operated at 5.4 T during the gyrotron
ampliﬁer experiments. Since the magnet was designed for gyrotron oscillator experi-
ments it has a short ﬂat ﬁeld region because gyrotron resonators are typically 5 to 10
operating wavelengths (λ =2.14 mm at 140 GHz) long. At the center of the solenoid
the ﬁeld homogeneity was 0.5 % over 5.0 cm and 1.0 % over 6.5 cm. The short ﬂat
ﬁeld region proved to be the major constraint in achieving the 100 kW output power
and 38 dB gain as aimed in the design of the gyro-TWT. Some operating details of
the magnet are discussed in Sec. 4.2. During the design of the ampliﬁer we assumed
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a suﬃciently long ﬂat ﬁeld to predict the optimum performance of the ampliﬁer. The
actual ﬁeld proﬁle of the magnet is shown in Fig. 7-4.
7.1.4 Interaction Structure
The gyro-TWT employs an overmoded quasioptical open confocal waveguide as the
interaction structure. The choice of a higher order operating mode in a highly over-
moded circuit allows the transverse dimensions of the interaction structure to be a
few times the operating wavelength thus providing signiﬁcantly higher thermal ca-
pability than fundamental mode gyro-TWTs with sub-wavelength scale interaction
structures. The electromagnetic properties of the quasioptical open confocal waveg-
uide have already been discussed in Sec. 3.2.
The operating mode was chosen using the following criteria. Firstly, the existing
electron gun beam radius has to lie on one of the local maxima of the azimuthal
electric ﬁeld. Secondly, for 100 kW average power propagating along the structure
the ohmic losses in the walls of the interaction structure had to be below 1-2 kW/cm2,
the limit for conventional cooling technology. These constraints led to the choice of
the HE06 operating mode which is shown in Fig. 3-12(d). Higher order operating
modes can also be chosen to satisfy the above criteria, however, the gain is lower at
higher order modes.
The operating frequency and the operating mode directly lead to the transverse
dimensions of the interaction structure from Eqn. 3.31. Typically, the center fre-
quency of a gyro-TWT is designed to be 3-4% above the cut-oﬀ frequency of the
operating mode. This region of the dispersion curve is ideally located to yield a high
gain at moderate bandwidths. The linear gain of the tube rapidly decreases with
increasing values of the axial propagation constant.
The next important parameter in the design is the choice of the mirror aperture
designated by 2a. The dimensions of the mirror aperture are determined such that
while minimizing the diﬀraction losses for the operating mode the losses are large
enough to suﬃciently suppress the lower order HE05 mode which can interact with
the s = 1 beam cyclotron mode and produce Backward Propagating Wave Oscillations
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Figure 7-5: Mode spectrum of the confocal gyro-TWT interaction structure. The
potential BPWO excitation points are shown as dotted ellipses.
(BPWO). The diﬀraction losses for a particular mode with the mirror aperture can
be determined from Eqn. 3.32. In the present design a mirror aperture of 5.7 mm
corresponding to a Fresnel Parameter of CF = 3.46 for the operating HE06 mode and
2.91 for the parasitic HE05 mode was chosen. It must be remembered that lower
values of the Fresnel parameter imply higher losses (Fig. 3-13).
The mode spectrum of the confocal waveguide around the operating mode is shown
in Fig. 7-5. The grazing intersection between the s = 1 beam cyclotron mode and the
HE06 mode is the operating point of the ampliﬁer. The overall length of the interaction
structure is determined from the saturation characteristics of the ampliﬁer. However,
a threshold for the length of each section is imposed by the excitation of the BPWO
mode at the operating current. A plot of the threshold length for BPWO oscillations
with operating current is shown in Fig. 7-6. The threshold length was calculated
for the case of zero velocity spread using the linear theory described in Sec. 2.6.
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Figure 7-6: The thresold current for the excitation of HE05 BPWO at 121 GHz. The
operating parameters are listed in Tabs. 7.3 and 7.4 with ∆vz/vz = 0 %.
In our computations we assumed an ideal beam with zero velocity spread and zero
reﬂections from the output end of the tube. A ﬁnite value of velocity spread increases
the threshold for BPWO where as the ﬁnite reﬂectivity from the output end decreases
the threshold. The electron beam used in the present experiments is likely to have
7-10 % longitudinal spread at a pitch factor of α = 1.2. A more accurate nonlinear
study of the BPWO interaction is possible by using a modiﬁed form of the single
particle gyrotron ampliﬁer code described in 2.8.2. but this was not done during
the course of this work because the computations from the linear theory are suﬃcient
to determine the threshold length for BPWO at a particular operating current. The
intersections of the s = 2 beam cyclotron harmonic with higher order waveguide
modes also can cause harmonic BPWO interactions but these interactions are weaker
than the fundamental mode BPWO interactions with the lower order parasitic modes.
From Fig. 7-6 it is evident that each section of the interaction structure should be
less than 5.5 cm in length corresponding to a desired operating current of 7 A. To
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obtain the desired overall gain we choose two interaction sections separated by a sever
section. The optimum length of each of these sections is decided from the results of
the nonlinear simulation runs. The electron beam should be mildly bunched before
entering the sever section to avoid a sharp discontinuity in the system due to the
sudden attenuation of the RF signal in the sever. Nonlinear simulations indicate
that a lower momentum spread in the beam allows a stronger prebunching before
the sever section without deteriorating the output power or bandwidth. This study
indicates that good quality electron beams with a low velocity spread are necessary
for multi-section interaction structures.
The present design is constrained by the existing electron gun and the supercon-
ducting magnet. The electron gun yields the best beam quality at a radius of 1.82
mm and operating voltage in the range of 65-75 kV at current up to 7 A. The short
ﬂat ﬁeld region of the superconducting magnet is a serious constraint on the overall
length of the interaction structure. During the design we assumed a suﬃciently long
ﬂat ﬁeld region to optimize the design. However, an operating point close to the
cut-oﬀ was chosen to obtain a high gain per unit length to obtain the desired overall
gain of 38 dB. These constraints considerably complicate the design because a high
gain per unit length means shorter interaction sections to prevent the backward wave
oscillations. The nonlinear simulations indicate that the presence of a sever enhances
the deterioration of the interaction for a beam with high a velocity spread. Since the
electron gun chosen for this experiment is likely to have no less than 8 % longitudinal
velocity spread at the operating parameters the nonlinear simulations indicate that
the present experiment cannot aﬀord more than one sever section.
Based on the above considerations the ﬁnal dimensions of the interaction structure
were determined and they are listed in Tab. 7.3. The second gain section was chosen
to be 7 cm instead of the 5.5 cm limit suggested by BPWO simulations because we
assumed an electron beam with zero velocity spread resulting in a tighter constraint
and to maximize the length of the interaction structure to compensate for the short
ﬂat ﬁeld region.
The nonlinear single particle code described in Sec. 2.8.2 was used to determine
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Mirror Sep.= Curv. Rad. 6.79 mm
Mirror Aperture 5.7 mm
Fresnel Parameter (HE06) 3.46
Fresnel Parameter (HE05) 2.91
Length of First Section 2.5 cm
Length of Sever Section 2.5 cm
Length of Second Section 7.0 cm
Table 7.3: Dimensions of the confocal waveguide interaction structure used in the
gyro-TWT experiments.
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Figure 7-7: Spatial power proﬁle at 140 GHz in the gyro-TWT interaction structure.
The operating parameters are listed in Tabs. 7.3 and 7.4.
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ating parameters are listed in Tabs. 7.3 and 7.4.
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Frequency 141 GHz
Peak Output Power 122 kW
Saturated Gain 38 dB
Saturated Bandwidth 2.9 %
Peak Eﬃciency 27.5 %
Beam Voltage 65 kV
Beam Current 7 A
Velocity Pitch Factor 1.2
Long. Momentum Spread 8 %
Beam Radius 1.82 mm
Magnetic Field 5.31 T
Table 7.4: Optimized design performance of the 140 GHz confocal gyro-TWT exper-
iment.
the power bandwidth characteristics of the gyro-TWT. The spatial power proﬁle at
140 GHz is shown in Fig. 7-7. The saturated output power and the saturation length
predicted by the nonlinear code is shown in Fig. 7-8. Table 7.4 lists the optimized
performance parameters of the gyro-TWT design. The design achieves a peak output
power of 122 kW at 141 GHz with 27.5 % eﬃciency and a saturated gain of 38 dB. The
modest 3 % saturated bandwidth of the device can be improved by using a tapered
interaction section or other broadbanding schemes after observing the performance
of this proof-of-principle experiment.
The eﬀect of the short ﬂat ﬁeld region of the superconducting magnet on the actual
spatial evolution of the ampliﬁed signal is shown in Fig. 7-9. Since the actual ﬂat ﬁeld
region in the superconducting magnet is shorter than that assumed in the optimized
design presented earlier in this section we expect the experimentally measured gain
and output power to be lower than the design values.
7.1.5 Input Coupler
Operation in a higher order mode usually complicates the design of the input coupler
to achieve a high coupling eﬃciency. Typically, for higher order axisymmetric modes
such as the TE01 a wrap around coupler is used to excite the TE01 mode from a
fundamental waveguide through a TE411 coaxial resonator as described in [83]. The
wrap around converter is quite complicated to build at 94 GHz due to the miniature
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(a) Power evolution in an optimum ﬂat ﬁeld proﬁle.
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(b) Power evolution in the actual ﬁeld proﬁle of the superconducting magnet.
Figure 7-9: Evolution of spatial power proﬁle at 140 GHz in the gyro-TWT interaction
structure for diﬀerent magnetic ﬁeld proﬁle. The operating parameters are listed in
Tabs. 7.3 and 7.4.
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Figure 7-10: An HFSS simulation showing the excitation of the HE06 operating mode
in the confocal waveguide by the input coupler.
dimensions of the interaction structure. The mode selectivity of the confocal waveg-
uide allows us to attempt direct aperture coupling for the excitation of the mode.
We use a standard WR8 (90-140 GHz) fundamental waveguide aperture to directly
couple from the WR8 rectangular waveguide to the confocal waveguide to excite the
HE06 operating mode. An HFSS simulation of the excitation of the HE06 operating
mode from the TE10 mode in a fundamental waveguide is shown in Fig. 7-10. The
corresponding reﬂection coeﬃcient at the input port of the coupler is shown in Fig.
7-11. Due to the diﬀraction losses in the structure a low value of S11 does not guaran-
tee a better coupling to the operating mode. The real ﬁgure of merit for the coupler
is the coupling eﬃciency which is deﬁned as the ratio in percentage of the amount
of power coupled to the desired mode to the total power incident at the input port
of the coupler. For the input coupler used in this design the coupling eﬃciency is
53 % at 141 GHz and on the band edges falls to 37 % at 139 GHz and 29 % at 142
GHz. These calculations were performed using the simulation results from HFSS
154
Frequency (GHz)
S
1
1
(d
B
)
0
−5
−10
−15
−20
−25
−30
138 139 140 141 142 143
Figure 7-11: The reﬂectivity of the input coupler of the gyro-TWT computed using
HFSS. The mirror separation is 6.78 mm and the input waveguide is a WR8 standard
rectangular waveguide.
by computing the ratio of the Poynting power at a cross-section of the input coupler
to the Poynting power incident at the input port. Based on the power coupled to
the operating mode we ﬁnd that the coupler works fairly well from 139-141.5 GHz.
This simple design can be optimized with a proper choice of coupling aperture or
using multiple coupling holes for a broadband response. These optimizations would
be necessary for a real broadband (4-8 GHz bandwidth) device. We also found that
a wide mirror aperture may be necessary near the coupling aperture to maximize the
power coupling to the desired mode.
7.1.6 Sever
A sever is a highly lossy section separating two adjacent gain sections each of whose
length is less than the threshold length for BPWO oscillations. The use of sever sec-
tions allows the overall gain to be higher than the limit imposed due to the excitation
of the BPWO. The sever works by providing inﬁnite attenuation to the electromag-
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netic waves propagating through it. The backward wave starts growing from the
collector end of the tube towards the gun end and the presence of a lossy section
completely attenuates the BPWO by decreasing its round trip gain by the amount
of loss in the sever. However, for the forward traveling wave the heavy loss in the
sever does not dramatically aﬀect the gain because the bunching in the electron beam
is preserved during the transit of the electron beam through the sever. Upon entry
into a gain section the electron beam rapidly induces RF ﬁelds in that section as can
be seen in Fig. 7-7. Just like in a TWT where an inﬁnite loss in the sever region
translates to an inﬁnite loss for the backward wave and a mere 3.52 dB loss for the
forward growing wave [136] one can show a similar phenomenon in a gyro-TWT.
Traditionally, severs are built as a heavy lossy dielectric loading in the region of
the interaction structure where the sever is desired. Such an approach has several
limitations in the W-band. Due to the very small transverse dimensions of the circuit
the lossy dielectric is very close to the electron beam, which brings forth problems of
eﬀective thermal dissipation, beam interception and the charging of the dielectric due
to the electron beam. For a 100 kW CW device with one sever at least 1–2 kW of
RF power is expected to be dumped into the sever necessitating a very good thermal
conduction path.
In our experiments we introduce a novel concept for building a high average power
sever by using quasioptical techniques. The open aperture from the confocal waveg-
uide allows eﬀective extraction of RF power from the interaction structure by reducing
the mirror aperture. The sever is formed by a gradual reduction in the mirror aper-
ture and then a gradual increase to match the mirror aperture in the second section.
This extracted power can be absorbed by a lossy dielectric over a wide area. This
would allow the easy cooling of the dielectric and because the dielectric is far away
from the electron beam the problems of dielectric charging and beam interception are
also mitigated. A CAD drawing of the quasioptical diﬀraction sever is shown in Fig.
7-12.
In the experiments during the course of the work we have chosen not to use an
absorbing dielectric but rely on the absorption of the diﬀracted power in the large
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Figure 7-12: CAD drawing of the gyro-TWT interaction structure showing a high
average power capable quasioptical sever. The outer absorbing dielectric shell not
shown in this ﬁgure is necessary for high average power operation. The sever is the
region with a reduced mirror aperture.
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Figure 7-13: HFSS simlation results showing the diﬀractive losses in the sever for the
HE05 and HE06 modes with the proﬁle of the mirror aperture.
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(a) HE05 mode attenuation in the sever.
(b) HE06 mode attenuation in the sever.
Figure 7-14: HFSS simulations showing the attenuation of the HE05 and the HE06
modes in the sever. The model is split into one half to take advantage of the symmetry
of the structure to reduce computation time in HFSS.
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vacuum jacket used in the experiment. Since we have a pulsed experiment (3 µs, 6 Hz
repetition rate) the average power absorbed in the walls of the vacuum jacket should
pose no problems.
HFSS simulations were performed to evaluate the performance of the sever. The
mirror aperture proﬁle and the computed diﬀraction loss in one half section of the
sever computed using HFSS is shown in Fig. 7-13. The HFSS model for the sever
(Fig. 7-14) uses a short input section for the excitation of the HE05 and the HE06
modes followed by the actual size sever and then an output section. The input section
is derived directly from the HFSS model for the input coupler. The diﬀraction loss for
both the operating HE06 mode and the parasitic HE05 mode along the length of the
sever is shown in Fig. 7-13 where we see that the total loss over the whole sever section
is about 44 dB for the HE05 mode which is suﬃcient for absorbing the backward wave
completely. In these HFSS simulations we have not used a lossy dielectric and have
simply let the diﬀracted power exit the structure through a radiation boundary in
the HFSS simulations. The attenuation of the HE06 and HE05 ﬁelds in the sever is
shown in Fig. 7-14.
A variety of lossy dielectrics with good thermal conductivity can be chosen for the
absorbing shell in the actual sever. Ceradyne Inc., CA has wide range lossy dielectrics
which can be chosen for use in this high average power sever [185]. Other high
thermal conductivity lossy dielectrics have been reported in [186]. Research on ultra
high absorption beam dumps for detecting small signals from Thomson scattering
experiments provides some ideas for an eﬀective design of the dielectric surface for
the absorption of the microwaves with low reﬂection. It was reported in [187] that high
density (3.1 g/cm3) Silicon Carbide (SiC) has a reﬂectivity of -26 dB for a pyramidal
structure with apex angle of 45 degree at 60 GHz. The studies also indicated that
the SiC sample showed no outgassing problem up to 500 degrees Celsius. The surface
of the dielectric may be designed to be a moth eye surface [188], [189] to reduce the
surface reﬂection. Detailed investigation of the lossy dielectric shell has to be done
to actually build a high average power gyro-TWT for a real application.
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7.1.7 Output Coupler
A gyro-TWT for application in a radar or a communication system needs the output
radiation in a free space Gaussian Mode (TEM00) at the window for eﬀective coupling
to the HE11 mode of a corrugated guide [169] for ultra low loss transmission to the
antenna. The eﬃcient transformation of the operating mode from the interaction
structure to a TEM00 Gaussian beam at the window is a complex problem. A lot
of research has been done on the conversion of the higher order whispering gallery
modes (TEmnp, m  n) into a Gaussian beam at the window and this technique is
routinely used in megawatt power level gyrotrons for fusion applications [190], [191].
Techniques for conversion of the TE0n axisymmetric modes into a Gaussian beam have
also been investigated [192]. A review of mode converters for high power gyrotrons is
presented in Chapter 7 of [46].
Transformation of the HE06 operating mode of confocal waveguide to a Gaussian
beam should in principle be easier than transforming a TE0n mode into a Gaussian
beam because in the case of the confocal guide the HE06 mode already has a Gaussian
shape in the x direction. A simple technique like a dimpled wall launcher or a space
periodic quasioptical converter can be directly implemented on the confocal waveguide
to focus the Brillouin ﬂow of rays into a tight bunch for eventual extraction from an
aperture on the waveguide. In this proof-of-principle gyro-TWT experiment we have
not investigated a detailed design of the mode converter. However, in this section
we present two simple techniques based on geometric optics for the transformation of
the HE06 confocal waveguide mode into a standard circular or rectangular waveguide
mode for eventual conversion into a Gaussian beam using standard techniques.
In the experiments done during the course of this work we have used simple
adiabatic uptapers to collect the radiation from the confocal waveguide into a 2.85
cm (1.12 inch) diameter cylindrical waveguide which also serves as a collector of the
spent electron beam. Two adiabatic uptapers were designed assuming a TE03 mode
was incident at the input of the ﬁrst uptaper at 140 GHz. The details of the uptapers
are provided in Table 7.5. The initial radius of Taper #1 was chosen to match the
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Parameter Taper #1 Taper #2
Initial Radius (mm) 3.52 6.29
Final Radius (mm) 6.29 14.22
Length (mm) 50.80 101.60
TE03 mode purity (%) 99.10 91.55
Table 7.5: Dimensions of the output uptapers used in the gyro-TWT experiments.
transverse propagation constant of the HE06 confocal waveguide mode to the TE03
cylindrical waveguide mode.
Simple techniques of quasioptically transforming the HE06 operating mode to stan-
dard cylindrical or rectangular waveguide modes can also be used in the output cou-
pler. In the geometric optics representation the confocal waveguide can be regarded
as a continuum of lenses of focal length, Fconfocal = rc, where rc is the radius of
curvature (equal to the separation of the mirrors) and a cylindrical waveguide can
be assigned a corresponding focal length of Fcyl = rc, where rc is the radius of the
waveguide. An intermediate lens can be designed with a radius of curvature equal to
2rc/3 as a transformer from the confocal waveguide to the cylindrical waveguide. The
length of the lens is chosen to be twice the Brillouin length in the confocal waveg-
uide. A HFSS simulation of such a quasioptical transformer for converting the HE06
confocal waveguide mode to the TE03 mode in an oversized cylindrical waveguide
is shown in Fig. 7-15(a). The TE03 mode can be converted into a Gaussian beam
using well known mode converting techniques. A transformer can also be designed to
convert the HE06 mode of the confocal waveguide to the TE60 mode of an oversized
rectangular waveguide as shown in Fig. 7-15(b).
In future experiments a more complete investigation of the internal mode converter
has to be carried out as part of the output coupler design for the eﬃcient extraction
of the output power from the confocal waveguide to form a TEM00 Gaussian beam
at the window.
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(a) Converter for the HE06 mode of the confocal waveguide to the
TE03 mode of an oversized cylindrical waveguide.
(b) Converter for the HE06 mode of the confocal waveguide to the TE60
mode of an oversized rectangular waveguide.
Figure 7-15: HFSS simulations of quasioptical transformers for converting the HE06
mode of the confocal waveguide to cylindrical and rectangular waveguide modes.
162
7.1.8 Windows
For high average power operation the choice of a low loss window with a very high
thermal conductivity is essential. Typically, megawatt level gyrotrons for fusion appli-
cations use a CVD diamond window [193], [194] because conventional Boron Nitride
windows cannot meet the average power requirements. CVD diamond windows with
up to 10 cm aperture are available these days. A loss tangent of 1.3 ×10−4 at 170
GHz and a thermal conductivity of 1800 W/mK were experimentally conﬁrmed in
high power 170 GHz gyrotron experiments reported in [194]. The low loss tangent,
high thermal conductivity and mechanical strength of diamond give it unique advan-
tages with the only disadvantage being the high price (∼ USD 100,000). For a CW
gyro-TWT operating at 100 kW level in the W-band a CVD diamond window is a
good choice.
For a wideband gyro-TWT, say from 92-100 GHz single disc windows cannot
provide the necessary bandwidth. A moth eye window [189] or a Brewster angle
window [196] are candidates for a wideband window. A moth eye window was tried
at a 140 GHz gyrotron oscillator experiment at MIT. The disadvantages of the moth
eye window stem from its larger thickness due to the corrugations on its surface.
Besides, a material like diamond cannot be machined to form the moth eye surface.
The Brewster angle window is being used in wideband step-tunable gyrotrons
[196]. The operating principle is based on the zero reﬂection for a parallel polarization
from a surface for waves incident at the Brewster angle. Furthermore, the power
absorbed in a Brewster angle window is lower than that of a multi band-pass window
of equal thickness [195]. This makes the Brewster angle diamond window a very good
candidate for a wideband high average power gyro-TWT.
In the experiments described in this work we have used single disc fused quartz
(Corning 7940) windows at both the input and output ports. The pulsed operation
of the tube allows the safe use of fused quartz window without any cooling. Some
parameters of the window are listed in Table 7.6.
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Material Corning 7940
Rel. Perm. (εr) 1.956
Reﬂection Coeﬀ. 0.105
Thickness (mm) 3.28 (=3 λ)
Output Window Dia.(mm) 61.21
Input Window Dia. (mm) 38.10
Transm. at (138,140,142 GHz) 0.95,1.00,0.97
Table 7.6: Parameters of the input and output windows used in the gyro-TWT ex-
periment.
7.1.9 Input Transmission Line
A low loss input transmission line relaxes the driver power level as well as the gain
requirement of the gyro-TWT to achieve saturated operation. The development of a
low loss transmission line can directly beneﬁt from the research and development on
ultra low loss transmission lines for transmitting the power from a high power gy-
rotron to a tokamak for Electron Cyclotron Resonance Heating (ECRH). TEon modes
have diminishing wall losses at higher frequencies however, they are unpolarized and
produce undesirable conical radiation pattern with zero energy content on the axis.
For eﬃcient ECRH an axisymmetric, narrow, pencil-like microwave beam with a well
deﬁned polarization is desirable. The HE11 mode (hybrid of TE11 and TM11) of a
corrugated waveguide is the best choice for the above requirements. Furthermore, the
transmission loss for the HE11 mode is 65 % of that of the TE01 mode and for a given
loss the bends in a HE11 mode can be made much smaller than that of the TE01. The
advantages of using HE11 mode over the TE01 mode are explained in [197].
A low loss input transmission line for the gyro-TWT can be implemented using an
HE11 corrugated transmission line using contemporary technology. However, the cor-
rugated transmission line is very expensive and hence for the present experiments we
have built two oversized transmission lines using standard waveguides and transitions.
The ﬁrst transmission line is a combination of a standard X-band (8-12.4 GHz)
and Ka-band (26.5-40 GHz) waveguide with an E and H plane bend in fundamental
mode WR8 rectangular waveguide. The line comprises of the following parts listed
sequentially: WR8 toWR28 standard transition, WR28 to WR92 standard transition,
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Figure 7-16: CAD drawing of the assembly of the beam tunnel, interaction structure,
collector and input transmission line of the confocal gyro-TWT experiments. A part
of the beam tunnel is inside the conical piece behind the interaction structure. The
outer vacuum jacket with vacion pumps and other diagnostics attached to it and the
electron gun are not shown.
WR92 waveguide (2.0 m long), WR92 to WR28 standard transition, input window
between WR28 waveguide, WR28 waveguide, WR28 to WR8 standard transition,
WR8 90◦ E-plane bend, WR8 to WR28 standard transition, WR28 waveguide (45
cm long), WR28 to WR8 standard transition and WR8 90◦ H-plane bend. The line
is about 3 m long from the driver (WR8 waveguide) to the input to the confocal
waveguide (WR8 waveguide) and includes the input window described in Sec. 7.1.8.
The average measured loss for this line over 138-142 GHz was 5.0 ± 1.5 dB. Due
to the large number of transitions the line had trapped higher order modes which
manifested as sharp resonances over the desired operating band.
The second transmission line uses an oversized 12.57 mm diameter cylindrical
waveguide operating in the TE11 mode. The 90
◦ bend in the line is directly imple-
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mented as a miter bend in the oversized cylindrical waveguide. This line comprises of
the following parts listed sequentially: WR8 rectangular to 1.88 mm diameter cylin-
drical standard transition, 1.88 to 12.57 mm diameter adiabatic uptaper for TE11
mode, 12.57 mm diameter cylindrical waveguide (2.0 m long), input window with
12.57 mm diameter, 12.57 mm diameter cylindrical waveguide (11.53 cm long), 90◦
TE11 miter bend in 12.57 mm diameter cylindrical waveguide, 12.57 mm diameter
cylindrical waveguide (45 cm), 12.57 to 1.88 mm diameter adiabatic downtaper for
TE11 mode and 1.88 mm diameter cylindrical waveguide to WR8 rectangular waveg-
uide standard transition. This line is also about 3 m long from the driver (WR8
waveguide) to the input to the confocal waveguide (WR8 waveguide) and includes
the input window described in Sec. 7.1.8. The part of this transmission line inside
the tube is also shown in Fig. 7-16. The mirror on the miter bend was sliced on both
ends to open up the line for eﬃcient pumping inside the vacuum jacket. The base
vacuum in the tube was signiﬁcantly better with this line than the completely closed
rectangular waveguide. The measured transmission loss for this line was 3.6 dB ±
0.5 dB over 138-142 GHz. As expected this line had less severe resonances due to
trapped modes.
For a gyro-TWT intended for use in a high average power application such as a
W-band radar a corrugated transmission line for both the input and output is the
most desirable solution. The output Gaussian beam from the window can couple to
the HE11 mode of the corrugated line with almost 99.0 % eﬃciency.
7.2 Experimental Setup
The experimental setup is shown in Fig. 7-17. The electron gun is behind the
superconducting magnet and its high voltage leads are visible. The VUW-8140 MIG
used in the gyro-TWT and gyrotron oscillator experiments is shown in Fig. 7-18. An
Extended Interaction Klystron (EIK) driver capable of producing up to 200 W peak
power in the 139-142 GHz range was used to drive the gyro-TWT. The driver can be
operated at up to 2 µs pulses at a total duty cycle of less than 0.5 %. The driver is
166
Figure 7-17: The confocal gyro-TWT experiment with Mr. Ivan Mastovsky. The
high voltage leads for the electron gun and the high voltage modulator are visible
behind the superconducting magnet. The EIK driver (not visible in this picture) is
located behind the grey cabinets.
mechanically tunable with stepper motor and a bellows attachment to the EIK. The
driver and some diagnostics attached to it to observe the BPWO are shown in Fig.
7-19. The high voltage modulator used in the experiments is described in Sec. 4.1.
The frequency is measured by a heterodyne receiver system described in Sec. 4.3.
The output power was measured by one of the two dry calorimeters described in Sec.
4.4.
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Figure 7-18: The VUW-8140 MIG used in the gyro-TWT and gyrotron oscillator
experiments. A copper gun solenoid centered on the cathode and the gate valve used
to isolate the gun are also shown.
Figure 7-19: The 140 GHz, 200 W EIK driver used in the confocal gyro-TWT exper-
iments. The power supply for the EIK is also shown. A wavemeter and a diode to
measure the power and frequency of the BWO is also visible.
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7.3 Experimental Results
The gyro-TWT was operated over a wide range of parameters to ﬁnd the optimum
operating point and observe the deterioration in its performance with the detuning
of various operating parameters. Oscilloscope traces from a typical shot are shown
in Figs. 7-21 and 7-22. The shape of the body current can be explained by the
charging and discharging of the capacitance associated with the tube body during a
voltage pulse. The signal from the beam velocity pitch (alpha) probe is also shown in
Fig. 7-21(b). The voltage induced on the probe is proportional to the beam current
and the axial velocity of the electron beam and can be used to compute the velocity
pitch ratio (α) using the method described in Sec. 4.5. During the shot shown in
Figs. 7-21 and 7-22, α ≈ 0.7 in the ﬂat top region of the voltage pulse. Typically,
during the rise and fall time of the voltage pulse the local values of α can be quite
higher than the value of α at the ﬂat top of the voltage and thus sparking either
BPWO or gyrotron oscillations in the shape of rabbit ears sandwiching the ampliﬁed
signal as shown in Fig. 7-23(b). Since any beam instability in the beam tunnel
couples to the Alpha probe signal it provides a way to monitor any beam instabilities
in the beam tunnel. Gyrotron oscillations at 137.46 GHz were observed during the
ramp down of the voltage pulse. This is a cut-oﬀ oscillation of the HE06 mode. The
130.74 GHz oscillation frequency could not be identiﬁed as any confocal waveguide
mode oscillation and hence was being generated either in the beam tunnel or in the
output uptapers. If the velocity pitch factor is increased above α > 1.5 we see strong
oscillations inside the beam tunnel as evidenced in the unstable signal from the Alpha
probe shown in Fig. 7-23(b). The output RF signal shows a sharp increase in power
due to a transition from the amplifying to the self oscillatory regime.
In the present experiments we did not use a lossy dielectric shell to absorb the
power radiated by the sever into the vacuum jacket. Some of the radiated power after
multiple reﬂections can couple back into the circuit thus lowering the threshold of the
operating current for generating BPWO. However, the demonstration of up to 29 dB
linear gain is a strong indication that the quasioptical sever is working well. To our
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(a) The beam voltage and current.
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(b) The signal on the Alpha probe and the body current.
Figure 7-21: Oscilloscope traces of the electron beam signals during a typical shot in
the gyro-TWT operation.
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(a) The detector signal monitoring the output power with the drive turned
OFF.
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(b) The detector signal monitoring the output power with the drive turned
ON.
Figure 7-22: Typical oscilloscope traces from the detector monitoring the output RF
power when the drive is tuned ON and OFF. The large amplitude noise begining at
2 µs and gradually decaying is actually the electrical noise from the switching of the
voltage pulse.
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(a) The onset of cut-oﬀ gyrotron oscillations at due to a high value of α.
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(b) For high values of α the beam instability in the beam tunnel couples to
the Alpha probe signal driving it unstable.
Figure 7-23: Typical oscilloscope traces of the electron beam signals during a typical
shot with a high value of α in the gyro-TWT operation.
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Figure 7-24: Comparison of the experimentally measured bandwidth with theoretical
predictions fo V0 = 50 kV, I0 = 3.9 A and ∆vz/vz = 3 % was assumed for α = 0.8
and 5 % for α = 0.9.
knowledge, this is the ﬁrst time that such a diﬀraction sever has been implemented
in a high power VED.
The zero drive stability of the ampliﬁer is shown in Fig. 7-22. These particular
traces were for a velocity pitch factor of α ≈ 0.7.
Typical frequency bandwidth characteristics of the ampliﬁer are shown in Fig.
7-24. The ampliﬁer could not be run in a zero drive stable condition for α > 1.0
and the optimum performance was observed around α = 0.9. A 3 dB bandwidth of
2.30 GHz was measured at α = 0.9 and 2.14 GHz at α = 0.8. The experimentally
measured output power is in fairly good agreement with the results from the single
particle nonlinear code described in Sec. 2.8.2. Theoretical results indicate a higher
bandwidth for α = 1.0 however, in the experiment a peak power of only 7 kW and
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a 3 dB bandwidth of 1.97 GHz was measured for α = 1.0. A longitudinal velocity
spread of 3 % and 5.0 % was used in the theoretical calculations for α = 0.8 and
0.9, respectively. These values were obtained from EGUN simulations. The actual
velocity spread in the experiment is expected to be higher than the EGUN predictions
which do not include the eﬀect of surface roughness of the emitter, temperature
nonuniformity on the surface of the emitter, work function spread of the emitter
and magnetic ﬁeld inhomogeneity, and local electric ﬁeld inhomogeneity. The biggest
contribution to the velocity spread comes from the surface roughness of the emitter
[198]. The lack of increase in power and bandwidth at α ≥ 1.0 can be due to the
following reasons. The quality of the electron beam, especially the velocity spread
increases rapidly for α ≥ 1.0 causing a sharp drop in the gain and output power at
higher frequencies. It is well known that a higher velocity spread is more detrimental
to higher frequencies which have a larger Doppler upshift (kzvz). HFSS simulations
indicate that the present design of the input coupler works well in the range of 139-
141.5 GHz and its coupling eﬃciency deteriorates rapidly above 141 GHz. The nearly
identical bandwidth obtained for α = 0.9 and α = 0.8 may be explained in terms of
the overall system bandwidth being limited by the bandwidth of the input coupler.
The peak eﬃciency in this set of runs is 11.6 %. Also, there was evidence of beam
tunnel oscillations at α ≥ 1.0.
The ampliﬁer could not be driven to saturation due to a lower value of gain
obtained experimentally. The peak experimental gain in the runs shown in Fig. 7-
24 was 26 dB. Peak power of up to 20 kW was measured at a gain of 29 dB with
2 GHz bandwidth at a voltage of 70 kV and a beam current of 4.0 A. The gain
was limited in the experiment primarily due to the short ﬂat ﬁeld region of the
superconducting solenoid. The 0.5 % magnetic ﬁeld homogeneity at the center of the
superconducting solenoid is limited to 5.0 cm which prevents achieving the optimum
high gain and saturation in the ampliﬁer. For a crossing intersection between the
beam mode dispersion line and the waveguide mode dispersion a peak power of up
to 30 kW was measured over a narrow bandwidth of 0.3 GHz.
For simplicity the present experiments did not use an internal mode converter
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Figure 7-25: Linearity characteristics of the confocal gyro-TWT. The operating pa-
rameters are V0 = 70 kV and I0 = 4.0 A.
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Figure 7-26: Experimentally measured far ﬁeld pattern of the ampliﬁed signal. The
receiving horn is located on the axis of the collector and the data are taken along the
azimuth in the horizontal plane.
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as part of the output coupler as explained in Sec. 7.1.7. Two simple adiabatic
uptapers designed assuming a TE03 incident mode (the TE03 mode in a cylindrical
waveguide corresponds to the HE06 mode of the confocal waveguide) were used in
the experiments. A measurement of the far ﬁeld radiation pattern yielded a startling
purity in the polarization and directivity of the radiation emerging from the window.
A plot of the far ﬁeld radiation pattern from the gyro-TWT at 140.58 GHz is shown in
Fig. 7-26. The polarization of the radiation emanating from the window is primarily
vertical with a very low content of the horizontal polarization. The main lobe of the
radiation emerges at an angle of 15◦. The theoretical far ﬁeld radiation pattern for a
mode from an open cylindrical waveguide [199] is
P = P0
[
(kz + k cos θ) J
′
m (krw sin θ)
1− (k sin θ/kt)2
]
, (7.1)
where P0 is a normalization constant, k, kz, kt are the free space, axial and transverse
propagation constants, respectively, rw is the waveguide radius, kt = νmn/rw and
νmn is the n
th root of J
′
m (x). From the above equation it is evident that in the
case of no mode conversion, the main lobe of the radiation pattern occurs at θ 
sin−1 (kt/k) or θ  sin−1 (Ro/rw) where Ro is the radius of exit of interaction structure
assuming it is a cylindrical pipe. In our case the value of Ro was chosen so that at
the transition between the confocal waveguide and the ﬁrst cylindrical uptaper the
transverse propagation constant in both sections is matched. In our case rw is the
collector radius which also serves as the output waveguide. Using Ro = 3.52 mm and
rw =14.22 mm we ﬁnd that for the case of a pure TE03 mode the main lobe should
be directed at 14.3◦ which is very close to the 15◦ measured in the experiment. For a
pure TE03 mode two lower lobes power (≈ -8 dB from the main lobe) are also present
which were not measured in the experiment. This suggests that the emanating mode
is probably a combination of TE03 (νmn = 10.1735) and TE23 (νmn = 9.9695) modes
in a particular phase relationship which leads to the suppression of the two inner
sidelobes. Since this is not the desired conﬁguration of the output coupler further
analysis was not performed to estimate the mode purity and the phase relationship
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between the constituents of the mode mixture.
7.4 Discussion
The successful operation of this experiment has demonstrated several novel concepts
for a high average power W-band ampliﬁer. This is the ﬁrst gyro-TWT experiment
with a highly overmoded, mode selective, quasioptical confocal waveguide interaction
structure. Furthermore, this is the ﬁrst high power gyro-TWT experiment at 140
GHz which is a much higher frequency than the 94 GHz necessary for a W-band
radar. While other contemporary gyro-TWT experiments [79], [83], [85] use either
the fundamental waveguide mode, the TE01 mode or a lower order hybrid mode at
the Ka-band (35 GHz) to avoid the problems associated with mode competition,
our gyro-TWT experiment uses a highly overmoded quasioptical open interaction
structure for allowing larger circuit dimensions for high average power operation.
Mode competition is suppressed in this highly overmoded interaction structure by
the eﬀective use of diﬀraction from the open sidewalls of the interaction structure.
The mirror separation is 6.79 mm in the present 140 GHz experiments using an HE06
mode and a scale down of this design to 94 GHz will ensure even a larger size of the
interaction structure or allow the possibility of operation in the next lower order mode,
the HE05 to improve the gain per unit length. The highly overmoded interaction
structure can be easily scaled for higher frequency operation. For example, a 100
W, 460 GHz gyrotron oscillator being developed at MIT [89] for use in DNP/NMR
experiments could be built as a confocal gyrotron ampliﬁer at the same frequency
with added advantages of phase control and easy switching of the high power 460
GHz signal by merely switching the low power driver.
The other novel feature demonstrated in these gyro-TWT experiments is the use
of a high average power capable diﬀraction sever described in Sec. 7.1.6. The highly
overmoded quasioptical circuit allows the easy extraction of power from the inter-
action structure to suppress the Backward Propagating Wave Oscillation (BPWO).
The successful operation of the diﬀraction sever qualiﬁes another new concept in
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overmoded quasioptical circuit elements.
The average ohmic heating density (W/m2) is the most important criteria for
the choice of an interaction structure in a high average power device. For the HE06
mode at 140 GHz used in this experiments, for 100 kW average power operation, the
average ohmic heat density is 0.65 kW/cm2 for ideal copper at room temperature (σ =
5.7× 107 Ω−1 m−1). If the conductivity of annealed Oxygen Free High Conductivity
(OFHC) copper at 250◦ C is assumed with σ = 3× 107 Ω−1 m−1 the average ohmic
heating density is 0.9 kW/cm2. The average ohmic heat density scales as σ−0.5ω2.5
[45]. For a 94 GHz gyro-TWT designed with the same HE06 operating mode average
ohmic heat density is 0.24 kW/cm2 for ideal copper at room temperature and 0.33
kW/cm2 for annealed OFHC copper at 250◦ C. These average ohmic heat density
numbers are well below the 1-2 kW/cm2 limit for contemporary cooling technology.
This confocal gyro-TWT is the only high power gyro-TWT experiment demon-
strating the performance needed for a high average power wideband ampliﬁer needed
for a state-of-the-art 94 GHz radar. In these initial experiments we have not focussed
on building a wideband device, however the 2.3 GHz (1.6 %) unsaturated bandwidth
achieved so far is very promising. The theoretical estimate for the saturated band-
width is 4.0 GHz (2.8%) at 140 GHz but could not be measured in the experiments
because saturation could not be achieved due to a lower than expected gain. The
gain was limited by the short ﬂat ﬁeld region of the superconducting magnet. Well
known design techniques of simultaneously tapering the magnetic ﬁeld and the inter-
action structure to improve the bandwidth [66], [74] can be easily incorporated in the
confocal waveguide.
The present experiments have demonstrated an unsaturated eﬃciency of 11.6 %
which implies that the saturated eﬃciency will be higher. The theoretical design
eﬃciency for the present device with a high quality electron beam and a suﬃciently
long ﬂat ﬁeld of the superconducting magnet is 28 %. This can be further increased
by using a depressed collector or a sectored electron beam with electrons only in the
region of the confocal waveguide ﬁelds.
The performance of this confocal gyro-TWT was limited by the electron beam
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quality and the short ﬂat ﬁeld region of the superconducting solenoid used in the
experiments. The electron gun and the superconducting magnet were used from
prior gyrotron oscillator experiments and hence were not optimized for the gyro-
TWT experiment, however they proved to be very useful in the quick demonstration
of the proof-of-principle of using highly overmoded yet mode selective interaction
structures for high average power (> 10 kW) gyro-TWTs in the W-band and beyond.
The confocal gyro-TWT has many advantages but it also has a few disadvantages
compared to the standard cylindrical waveguide interaction structure. The open side
walls of the interaction structure imply the absence of a ground plane close to electron
beam in those regions which increases the voltage depression in the electron beam
which may result in an increased velocity spread in the electron beam. The loss in
symmetry of the mode due to open side walls reduces the coupling of the electron
beam to the mode and thus lowers the eﬃciency of the device. A sectored electron
beam with electrons only in the region of the confocal waveguide ﬁelds can be used
to improve the eﬃciency. While operation at a higher order mode lowers the average
ohmic heat density it also lowers the gain per unit length of the interaction structure.
This in turn would imply a longer interaction structure which is not very desirable
due to the problems associated with transporting and maintaining a high quality
of the electron beam over large distances. The interaction length in our scheme
(12 cm = 56 λ at 140 GHz) is about twice that reported in [83] (27 cm = 32 λ
at 35 GHz) for the heavily loaded interaction circuit. Migration to the HE05 mode
can increase the gain which will help reduce the length of the interaction structure.
The heavily loaded interaction structure being pursed at NTHU [76], [77] and NRL
[83] can suppress the BPWO and the absolute instabilities very eﬀectively because
most of the absolute instabilities have a predominantly backward power ﬂow [76] and
hence a heavily loaded section located upstream preferentially attenuates the parasitic
oscillatory modes. In the confocal waveguide by a proper choice of the waveguide
aperture the contrast in the diﬀraction losses of the operating mode and the lower
order parasitic modes can be dramatically increased to stabilize BPWO. However,
such stabilization of the absolute instability in the form of gyrotron oscillations at
180
the cut-oﬀ the operating mode can not be done very eﬀectively.
The heavily loaded scheme also called the distributed loss scheme in contrast to
the localized loss (sever section as in our experiments) can be easily implemented in a
confocal waveguide by proﬁling the aperture of the mirrors. This scheme would allow
stable operation at a very high gain in an overmoded circuit. This confocal gyro-TWT
experiment has advanced the state-of-the-art in W-band high average power capable
ampliﬁers. This is a welcome development for many novel radar and communication
applications in the W-band.
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Chapter 8
Discussion and Conclusions
The successful demonstration of two gyrotron oscillators and a gyro-TWT ampliﬁer
experiment during the course of this work has ﬁrmly established a novel approach to
building high frequency (> 100 GHz) millimeter wave sources and ampliﬁers by the
approach of using highly overmoded yet mode selective interaction structures. Two
diﬀerent classes of novel mode selective interaction structures namely, Photonic Band
Gap (PBG) structures and quasioptical open confocal structures were investigated
and were used in high power gyrotron experiments to demonstrate their advantages.
The work involved the ﬁrst demonstration of a high power Vacuum Electron Device
(VED) with a PBG interaction structure and the ﬁrst quasioptical gyrotron ampli-
ﬁer. Linear and nonlinear theory of gyrotron ampliﬁers was also developed based
on prior theoretical work by others and the theory was modiﬁed to suit the novel
kind of interaction structures used in our experiments. Independent computer codes
were developed for the design and optimization of the gyrotron experiments. Good
agreement was obtained between the theoretical design and the experimental results
8.1 PBG Structure Based Experiments
During the course of this work the ﬁrst Vacuum Electron Device (VED) with a PBG
structure was demonstrated. A highly overmoded PBG resonator operating in the
TE041 mode was used as a cavity resonator in a 140 GHz gyrotron. The gyrotron
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showed no excitation of spurious modes over 30 % tuning of the magnetic ﬁeld which
corresponds to an equal tuning of the cyclotron frequency thus conﬁrming the mode
selectivity of the PBG resonator. A peak power of 25 kW was generated at 140
GHz without any mode competition. The absence of other competing modes in the
vicinity of the operating mode allows access to the high eﬃciency regime of the op-
erating mode. The biggest advantage of using a PBG resonator is that it allows the
operation in a very higher order mode allowing the transverse dimensions of the in-
teraction structure to be many times the operating wavelength. This is very crucial
for building millimeter and sub-millimeter wave microwave sources where the dimin-
ishing wavelength dramatically complicates the fabrication process and reduces the
thermal capability of the interaction structure which prevents high power operation.
In the PBG gyrotron experiments we chose an all metal PBG structure for its
mechanical strength and high thermal conductivity. However, in the case of VED’s
using TM modes (such as conventional TWTs and klystrons), a simple metal PBG
structure may not prove to be the panacea for suppressing mode competition. In the
case of TM modes the presence of a zero order band gap as seen in Fig. 3-5, ensures
the conﬁnement of lower order modes. This prevents the use of a higher order mode
like that in the case of the gyrotron experiment, without risking excitation of lower
order parasitic modes. However, the presence of passbands above the zero order band
gap present the opportunity to suppress competition from the nearest neighboring
TM110 (ν11 = 3.8317) mode while operating in the TM010 (ν11 = 2.4048) mode. This
is attractive for a conventional klystron at 35 GHz. Such design techniques can also
be used to suppress the wakeﬁelds in TM010 mode accelerator cavities [158]. It must
be mentioned that some slow wave devices use TE mode interaction structures such
as the TE10 mode folded waveguide TWT [200] and hence may directly use metallic
PBG structures in the form of a PBG waveguide.
Dielectric PBG structures have been widely studied and their applications in pas-
sive waveguide bends [151] and optical ﬁbers [152] are well known. The TM mode
global band gaps for dielectric structures [149] provide more design space for mode
control. Dielectric structures can be a choice for either low or high Q resonators.
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The use of lossy dielectrics in part of or the entire array can bring down the Q of
the desired modes to make them stable to self excitation in the presence of an elec-
tron beam. This is a very important consideration for gyroklystrons as explained in
Section 3.1.3. The use of low loss dielectrics at very high frequencies (up to THz)
where, metals are quite lossy can make the design of very high Q resonators feasible.
Numerous applications for such resonators come to mind – interaction structures for
future Terahertz VED sources, dielectric waveguides and so forth. Microscale dielec-
tric PBG structures can be grown using the well developed techniques of fabricating
semiconductor devices in microelectronics.
8.2 Quasioptical Structure Based Experiments
The other class of mode selective structures investigated during this work are qua-
sioptical open waveguides and resonators. Quasioptical structures are oversized and
are favorable for high power operation. The use of open boundaries allows the use
of diﬀraction as a powerful tool to suppress the parasitic modes. A high contrast
in the diﬀraction losses between the operating mode and the lower order parasitic
modes by a proper choice of the mirror aperture has demonstrated stable single mode
operation over a wide range of operating parameters in a confocal gyrotron oscillator
experiment.
During the course of this work Ansoft HFSS was successfully used to model the
various quasioptical open components in the experiments. Signiﬁcant insight was
gained in modeling of the open boundaries in the quasioptical structures using HFSS.
The good agreement in between the theoretical results from the confocal gyro-TWT
and the experiments validates the design techniques used during the course of this
work.
8.2.1 Confocal Gyrotron Oscillator
An overmoded confocal gyrotron oscillator was successfully operated without any
mode competition over a wide range of parameters. The absence of competing modes
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in the vicinity of the main operating mode (HE061) is a big advantage when compared
to the conventional cylindrical resonator operating in an analogous TE031 mode where
the excitation of the nearly degenerate TE231 mode prevents access to the high eﬃ-
ciency operating regime of the TE031 mode. A peak power of 83 kW was produced at
an eﬃciency of 16 %. An enhancement in eﬃciency by the use of a depressed collector
and a sectored electron beam is possible.
8.2.2 Second Harmonic Confocal Gyrotron Oscillator
A second harmonic confocal gyrotron oscillator experiment was designed, built and
tested. The better conﬁnement of the higher order modes in a confocal waveguide can
be used for selective interaction of higher beam cyclotron harmonics with a higher
order waveguide mode while suppressing the stronger fundamental mode interaction.
This principle was used in the design of the second harmonic confocal gyrotron os-
cillator at 280 GHz. A relatively poor beam quality was the most likely reason for
the failure to generate the second harmonic in the experiment however, the stabiliza-
tion of the fundamental mode interaction veriﬁed the basic principle of the design.
With a higher quality electron beam (∼ 3% transverse spread) the second harmonic
generation should be possible.
8.2.3 Confocal Gyrotron Traveling Wave Ampliﬁer
The successful demonstration of stable high power operation of the overmoded confo-
cal gyro-TWT experiment during the course of this work has led to the advancement
of the state-of-the-art in high average power capable ampliﬁers in the W-band. A
peak power of up to 30 kW was generated at 140 GHz and an unsaturated band-
width of 2.30 GHz was measured when the peak power at the center of the band was
27 kW peak power. A peak eﬃciency of 11.6 % was measured in the experiments.
Since the output power of the tube could not be saturated due a lower gain in the
experiment as a result of the short ﬂat ﬁeld region of the superconducting magnet, a
higher saturated bandwidth and eﬃciency is expected in an optimized design using
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Anode Voltage 65 kV
Mod Anode Voltage 17 kV
Beam Current 6.0 A
Velocity Ratio 1.5
Transverse Velocity Spread 1.6 %
Max. Beam Radius 1.23 mm
Beam Guiding Center 0.80 mm
Circuit Magnetic Field 3.6 T
Magnetic Compression 25
Cathode Current Density 6.76 A/cm2
Table 8.1: Optimum parameters of a 94 GHz MIG available from CPI Inc., CA [201].
a superconducting magnet with a suﬃciently long ﬂat ﬁeld region. A higher quality
electron gun than the one used in these initial experiments can further improve the
performance of the gyro-TWT. To estimate the performance of a similar gyro-TWT
in the W-band (94 GHz) which would be useful for a W-band radar we performed an
initial design study in Sec. 8.3.
8.3 W-Band Confocal Gyro-TWT: An Initial De-
sign Study
In this section we present a preliminary design for a W-band confocal gyro-TWT at
94 GHz. This design will allow us to estimate the performance of a 94 GHz version
of the present 140 GHz experiment which would be of great interest for a W-band
radar transmitter.
We based our design on an existing high quality triode MIG available from CPI
Inc., CA. This gun [201] was developed for the W-band gyroklystron and gyrotwystron
experiments performed at NRL and CPI. The quoted parameters for the electron gun
are shown in Table 8.1.
We chose the HE04 mode Fig. 3-12(c) of the confocal waveguide so that the
beam radius of the CPI gun falls on a maximum of the electric ﬁeld. In this initial
design study we assumed a tapered interaction structure to improve the bandwidth
of the device. The strongest backward wave interaction will be between the HE03
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Figure 8-1: Variation of the threshold current for the excitation of BWO in the W-
band gyro-TWT. The operating parameters are listed in Tabs. 8.2 and 8.3.
mode and the s = 1 fundamental beam cyclotron mode. The variation in the start
oscillation current for BPWO in the HE03 mode with the length of the interaction
structure is shown in Fig. 8-1. The BPWO threshold current was calculated for
the case of zero beam velocity spread and assuming a uniform interaction structure
with dimensions equal to that at the start of the proﬁled interaction structure listed
in Tab. 8.2. It is evident that the length of each gain section has to be below the
threshold length of 77 mm for the 65 kV and 6 A. The length of each gain section,
the sever and the overall proﬁle of the interaction structure were optimized to get the
highest constant drive saturated bandwidth. The magnetic ﬁeld is simultaneously
tapered with the dimensions of the interaction structure to maintain a near grazing
intersection (B0=0.985 Bg) of the beam mode and the waveguide mode at every point
along the interaction structure. This linear tapering of the magnetic ﬁeld proﬁle can
be reasonably generated with a superconducting solenoid with three or more coils. In
Fig. 8-2 we show the spatial evolution of the ampliﬁed signal at 92.25 GHz.
Although no signiﬁcant gain is observed in the ﬁrst section there is very good
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Parameter First Section Sever Second Section
Mirror Seperation (rc) at the start 7.00 mm 7.00 mm 7.00 mm
Mirror Seperation (rc) at the end 6.48 mm 7.00 mm 7.10 mm
Mirror Aperture (2a) at the start 7.00 mm 7.00 mm 7.00 mm
Mirror Aperture (2a) at the end 7.00 mm 7.00 mm 7.00 mm
Length 65 mm 15 mm 50 mm
Table 8.2: Dimensions of the confocal interaction structure for the 94 GHz gyro-TWT.
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Figure 8-2: Constant drive saturated bandwidth characteristics of the W-band gyro-
TWT.
bunching of the electron beam which results in a rapid power buildup in the second
section. The distributed nature of the interaction structure due to the tapering allows
the optimum interaction of each frequency with the electron beam at diﬀerent points
along the length of the interaction structure. If good bunching is achieved in the ﬁrst
section even a mildly tapered second gain section as listed in Tab. 8.2 is suﬃcient to
achieve a wide band ampliﬁcation.
The sever section between the two gain sections can be a quasioptical diﬀraction
sever as used in the 140 GHz gyro-TWT experiments described in Chapter 7.
The constant drive saturated bandwidth characteristics of the W-band gyro-TWT
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Figure 8-3: Constant drive saturated bandwidth characteristics of the W-band gyro-
TWT.
are shown in Fig. 8-3. This simulation was performed for a drive power equal to 2.0
W. The saturated bandwidth is 6.25 GHz (6.7%) centered around 94 GHz. The peak
saturated gain at the center of the band is 47.5 dB and the peak eﬃciency is 29 %.
The optimum operating parameters for the W-band gyro-TWT are summarized in
Tab. 8.3.
We have not investigated the design of the input and output coupler and the
internal mode converter in this design study. The input coupler can be similar to the
one used in the present 140 GHz gyro-TWT with multiple apertures for a broadband
coupling. Concepts discussed in Sec. 7.7 can be used to build an output coupler and
an internal mode converter.
A peak eﬃciency of 29 % was also computed for this initial design. An increase
in eﬃciency by 10-15 % to yield a total eﬃciency of 39-45 % using a single stage
depressed collector is very much in the realm of possibility. Furthermore, a sectored
electron beam with electrons only in the region of the confocal waveguide ﬁelds can
be used to achieve an even higher eﬃciency.
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Frequency 94 GHz
Peak Output Power 112 kW
Peak Saturated Gain 47.5 dB
Saturated Bandwidth 6.25 GHz (6.7%)
Peak Eﬃciency 29 %
Beam Voltage 65 kV
Beam Current 6 A
Velocity Pitch Factor 1.0
Long. Momentum Spread 3 %
Beam Radius 0.8 mm
Operating Mode HE04 confocal
Avg. Ohmic Heat Den. 0.52 kW/cm2 (σ = 3× 107Ω−1m−1)
for 100 kW average power operation
Table 8.3: Operating parameters for the W-band gyro-TWT obtained from the initial
design study.
The results from this quick initial design study of a W-band gyro-TWT are very
promising. A more careful design of the interaction structure after a detailed investi-
gation can further improve the performance of the device. The interaction structure
can also be tailored to have a distributed loss (heavily loaded) to further improve
the gain so that ultimately a solid-state driver with 25 mW of power can be used to
directly drive the gyro-TWT into saturation. A peak gain of 47.5 dB was computed
for this initial design which needs an input power of 2 W for saturation. The use
of a 25 mW solid-state driver would require an additional 19 dB gain which would
mean that the overall system gain has to about 66 dB. A gain of 70 dB has already
been demonstrated in the distributed loss interaction structure at NTHU [77] which
indicates that achieving 66 dB gain in the W-band confocal waveguide should be
possible. The distributed loss can be easily incorporated by proﬁling the aperture of
the mirrors and using quasioptical techniques to extract the power from the circuit
in a manner suitable for high average power operation.
These results are a representative ﬁrst calculation, the design should be optimized
with more detailed calculations.
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8.4 Future Work
PBG resonators appear to be very useful in gyrotron oscillators at moderate average
power levels. However, at high average power the rods of the PBG structure may
not be able to dissipate ohmic losses as eﬀectively as the smooth walls of conven-
tional cylindrical cavities. This can be mitigated by using thicker rods and by cooling
the rods with water ﬂowing through channels in the center of each rod. The PBG
structures would be able to handle high peak power levels, and would be particularly
well suited to high peak power, moderate average power level ampliﬁers. They are
also very attractive for use as the buncher cavities in gyroklystron and gyrotwystron
ampliﬁers at any power level. A gyro-TWT with a PBG interaction structure will not
be susceptible to BPWO because the BPWO frequencies will lie in the passband of
the lattice thus allowing the complete stabilization of the BPWO modes. This will
allow the use of a long interaction structure without the need for severs for achieving
high gain. At very high frequencies, where moderate power levels are of interest,
the PBG structures also appear to be very attractive. A potential application would
be a high power (> 10 kW) conventional millimeter-wave klystron or coupled cavity
traveling wave tube operating in a higher order mode with a PBG resonator. An-
other interesting device is a 100 W CW conventional TWT with an overmoded PBG
interaction structure with 5 GHz bandwidth at the W-band (94 GHz). Such a device
will be capable of higher output power than the Millitron tubes [21] because of its
simple and rugged interaction structure. The simplicity of the structure will improve
the fabrication yield and hence lower the manufacturing cost. Such a development
would be very useful as a preampliﬁer in a W-band radar transmitter and can re-
lieve the gain requirement of the main power ampliﬁer and as a result obtain a wide
bandwidth.
Higher frequency sub-millimeter wave sources with moderate power, e.g., 100 W
CW power at 500 GHz for DNP experiments can be built with either PBG or quasiop-
tical interaction structures. The absence of mode competition allows the structure
dimensions to be much larger than a conventional cylindrical waveguide interaction
191
structure.
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